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The occurrence of compensatory photosynthesis was examined in the 
field during the spring for all foliage elements on two Agropyron 
bunchgrass species that differ in their evolutionary history of grazing 
pressure. Compensatory photosynthesis did occur in many individual 
foliage elements during at least part of their ontogeny. For both 
species, compensatory photosynthesis was related primarily to delayed 
leaf senescence and increased soluble protein concentrations, but not 
to an improvement in the water status of clipped plants. 
Photosynthetic water use efficiency and photosynthetic rates per unit 
soluble protein of foliage on partially defoliated plants were not 
increased following the clipping treatments. 
Light and temperature dependencies of gas exchange measurements 
were usually very similar between the two Agropyron species. However, 
gas exchange rates per unit foliage area of leaves exserted late in the 
spring on~ spicatum plants were significantly different from those on 
~ desertorum plants when these leaves were senescing. To determine 
the ecological significance of these differences between species for 
light and temperature dependencies, the average carbon gain and water 
loss rate per tiller were estimated. The differences between species 
for carbon gain and water loss rates per tiller in this environment 
were substantially less than the individual leaf gas exchange 
differences between species. 
X 
Photo~ynthetic activity and survival of leaves were also determined 
during the fall, winter, and early spring for the two Agropyron species 
in the field. A large proportion of the leaves of both species 
survived the winter. Photosynthetic rates of both species declined as 
air temperature dropped during the fall, were slightly positive during 
the winter between periods of snow cover, and increased during the 
early spring. Even though there is potential for photosynthesis during 
a winter with intermittent snow cover, total plant saccharide pools 
were barely maintained over such a winter. 
Although~ desertorum and A. spicatum were exposed to different 
levels of grazing pressure during their evolutionary history, the 
phenology, water status, and gas exchange rates of foliage and tillers 
were very similar both for undefoliated as well as partially defoliated 
plants. Therefore, we conclude that compensatory photosynthesis does 
not appear to be an important ecological component of herbivory 
tolerance for these species. 
(103 pages) 
Introduction 
CHAPTER I
PHOTOSYNTHETIC ACTIVITY AND SURVIVAL OF FOLIAGE 
DURING WINTER FOR TWO BUNCHGRASS PECIES 
IN A COLD-WINTER STEPPE ENVIRONMENT 
Winter is often a period of inactivity or negative carbon balance 
for many plants. For example, many deciduous trees and shrubs 
overwinter in a completely dormant state. Also, evergreen trees that 
grow in regions with severe winters probably have a negative carbon 
balance over the winter (Larcher and Bauer 1981). 
Overwintering green foliage is not restricted to arborescent growth 
forms. Some grass and herbaceous species initiate foliage growth in the 
fall, and this foliage may overwinter and resume activity in the 
spring. However, the advantage of producing foliage in the fall for a 
short and unpredictable growth period is questionable unless this 
foliage can survive and be photosynthetically active again in the 
spring. This would be especially true in regions which have several 
months of cold and snowy weather that would greatly constrain 
photosynthesis. The foliage of different species varies in its 
cold-season photosynthetic activity. For example, strawberry foliage 
overwinters in a completely dormant state (Jurik 1980), as opposed to 
some successional winter annuals which overwinter as 
photosynthetically-active rosettes (Regehr and Bazzaz 1976). Foliage 
which overwinters in a completely dormant state may have a high 
probability for survival until spring, but this may be at the expense 
of umcompensated respiratory carbon loss. In contrast, winter-active 
fo:iage may be able to make a positive contribution to plant net carbon 
ba:ance under favorable environmental conditions during the winter, but 
ma not survive as well as dormant foliage. 
The purpose of this study was to examine the overwintering 
chcracteristics of foliage on two perennial bunchgrasses, Agropyron 
desertorum (Fisch. ex Link) Schult. and A. spicatum (Pursh) Scribn. 
anc Smith 1. h spicatum is native to the Great Basin Desert of North 
AmErica whereas A. desertorum is a naturalized species from the steppes 
of Eurasia. Growth, mortality, and investment of dry matter and 
prctein in leaves were examined during the fall, winter, and early 
spring. Photosynthetic rates were measured in the field to determine 
if cold air temperatures reduced photosynthetic activity and if 
ovErwintering foliage was photosynthetically active in the spring. 
Firally, total saccharide pools were assessed as an indication of 
ch2nges in net carbon balance over the winter. 
1 1wo taxonomic revisions of h spicatum have recently been proposed: 
Elirigia spicata (Pursh) D. R. Dewey (Dewey 1983) and Pseudoroegneria 
spicata (Pursh) Love (Love 1980). Although the genomic evidence 
indi.c~tes that this species is not an Agropyron, not enough data is 
avalable to clearly finalize its phylogeny. Therefore, we will use A. 
spicatum in this paper. 
2 
Methods 
All measurements in this study were conducted in the field at a 
site near Logan, Utah (41°45'N, 111°48'W, 1460 m elevation). The 
species and study site are further described in Caldwell et al. (1981). 
In this paper, we use the terms "leaf" to refer to the laminar portion 
of a leaf and "tiller" to refer to a single aerial, complete shoot. 
Vegetative characteristics of the two bunchgrasses were determined 
with periodic destructive harvests of tillers. There were four tiller 
destructive harvests in the fall and seven in the spring. Two fall 
harvests occurred in 1980, and one each in 1981 and 1982. Spring 
harvests were in 1981 (five harvests) and 1982 (two harvests). The 
t ot al number of tillers sampled per harvest date varied between 5 and 
18. Tillers were collected from one to three plants. Individual 
tillers were seperated into individual leaf fractions. The 
developmental stage, length, and green surface area of individual 
leaves were recorded. The green portion of leaves was either 
oven-dried (70-80 C) or freeze-dried before determining dry mass. 
Specific leaf mass of individual leaves was calculated from the ratio 
of green dry mass to green surface area. 
Protein concentrations were determined for one fall and five spring 
tiller harvest dates. Soluble proteins, primarily cytoplasmic and 
membrane proteins, were isolated and digested to amino acids (Dickson 
1979). Amino acid concentration [mol (amino acid) kg- 1 (leaf dry 
mass)] was determined by the ninhydrin method (Rosen 1957) with 
glutamine as a standard. Amino acid concentrations of subsamples which 
were freeze-dried were not significantly different from subsamples 
which were oven-dried. A weighted amino acid molecular mass of 127.5 g 
3 
mol- 1, calculated from data on the amino acid composition of grass 
leaves (Eppendorfer 1977, Kaldy et al. 1980), was used to estimate 
protein concentration [kg (protein) kg- 1 (leaf dry mass)]. 
Destructive harvests of whole plants were also conducted. Three 
plants of each species were completely excavated to a 10-cm soil depth 
in late October, 1980, and early March, 1981. These plants were 
separated into leaf, stem, crown, and root fractions, and plant part 
fractions were lyophilized and dry mass determined. Soluble sugar and 
starch concentrations were determined for each plant part fraction, as 
described in Caldwell et al. (1981). Total-plant soluble saccharide 
pool was calculated from the sum of individual plant part dry matter 
multiplied by its respective saccharide concentration. 
Tiller and individual leaf mortality rates were determined from 
tillers marked in December, 1981, and re-examined in April, 1982. Leaf 
developmental stage and leaf length were recorded for each leaf present 
on a tiller. 
Air temperature at 1.5 m was measured at the study site with 
fine-wire thermocouples. Maximum air temperature was the highest 
recorded temperature during the daylight hours, and the minimum was the 
lowest during the preceding night. Occasionally, maximum and minimum 
air temperatures recorded at an official weather station within 2 km of 
the study site were used when the electrical equipment at the study 
site failed. The 30-year, long-term averages were also taken from 
measurements at this weather station. 
Photosynthesis of individual leaves was measured by two techniques. 
Net photosynthetic rate (PN) was determined by infrared gas analysis 
(Analytical Development Co.) in conjunction with a carbon dioxide, 
4 
water vapor exchange system (Bingham and Coyne 1977). In this paper, 
we define "standard PN" as the PN of leaves measured at 21 C leaf 
temperature and saturating irradiance, and "ambient PN" as the PN of 
leaves measured at ambient temperatures and saturating irradiance~ PN 
was calculated with equations developed from Caemmerer and Farquhar 
(1981). Photosynthetic rate was also estimated by 14co2 uptake of 
individual leaves in a temperature-controlled cuvette (Tieszen et al. 
1974). Labelled samples were digested (Fernandez 1978) and counted 
with a Packard Corp. liquid scintillation counter. In conjunction with 
14C02 uptake, stomatal conductance of the same or similar leaves was 
measured with a porometer (Delta-T Devices). 
Statistical tests with p<0.05 were considered significant. 
Factorial ana l ysis of variance was used to test all data except for 
winter mortal i ty rates. The mortality data were tested with a binomial 
chi-square tes t . 
Results 
The initiation and expansion of leaves on A. desertorum and A. 
spicatum tillers during the fall, winter, and early spring are shown in 
Fig. 1. Phenological patterns were similar in both species. Leaves 
and 2 (the first and second leaves exserted on a tiller, respectively) 
were initiated in the fall and rapidly expanded to maximum area. Leaf 
3 was initiated only on a portion of the fall tillers, and partially 
senesced during the winter. However, this leaf did resume elongation in 
the spring, and reached maximum size in the spring~ The green surface 
area of all A. desertorum leaves was significantly greater than~ 
spicatum, except for leaf 1 during the spring. For the majority of 
5 
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Figure 1. Green leaf surface area ( one side) per tiller for the three 
leaves produced during the fall, winter and early spring. Means and 
associated standard errors were from eleven destructive harvests between 
fall 1980 and fall 1982. Agropyron desertorum - open circles, dashed 
lines; ~ spicatum - solid circles and lines. (Means have N= 5 to 18.) 
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tillers of both species, leaf 1 completely senesced during the winter. 
Leaf and tiller mortality rates during the winter, determined from 
marked tiller observations, were generally similar for the two species 
(Fig. 2). Mortality rates of leaf 2, leaf 3, and tillers were not 
significantly different between species. However, the mortality of 
leaf 1 for A. desertorum was significantly greater than that for A. 
spicatum. 
During both the fall and spring, specific leaf mass of all h 
spicatum leaves was significantly greater than that of A. desertorum 
(Fig. 3). In contrast, protein concentrations of foliage, expressed on 
a leaf dry mass basis, were not significantly different between species 
in either the fall or spring. Specific leaf mass and protein 
determinations in the spring for leaves 1 and 2 were from foliage that 
had overwintered. However, these determinations in the spring for leaf 
3 were primarily from foliage produced early in the spring. 
Total soluble saccharide pools were calculated from the products of 
biomass and saccharide concentration, and were determined for both 
species in October, 1980, and March, 1981. For h desertorum, means and 
associated standard errors for saccharide pools were 2.69 ± 0.38 gin 
October and 2.07 ± 0.32 gin March; for h spicatum, they were 2.05 + 
0.48 gin October and 2.00 + 0.22 gin March. Although there was a 
tendency for a decrease in total soluble saccharide pools over the 
winter for h desertorum, no significant differences existed between 
fall and early spring total saccharide pools, nor were there any 
differences between the two species. 
As prevailing air temperature decreased in the fall, standard PN, 
as measured at 21 C leaf temperature and saturating irradiance, also 
7 
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decreased (Fig. 4). However, stomatal conductance was unchanged during 
the fall (data not shown). Standard PN per unit area of h spicatum 
leaves was significantly higher than A. desertorum for the first two 
time periods in the fall. During the last fall period, standard PN of 
A. desertorum foliage was significantly higher than h spicatum, 
although both species had low standard PN· In the following spring, 
standard PN of foliage was almost identical to that during the Oct. 
9-0ct. 27 fall period even though air temperatures in the spring were 
cooler than in this fall period. Standard PN of leaf 3, which was 
primarily leaf tissue produced in the early spring, was significantly 
different between the two bunchgrasses. Standard PN of leaf 4, which 
was al l newly-produced spring foliage, was not significantly different 
between species. 
There was no apparent depression of 14co2 uptake following nights 
i n the spring when temperatures dropped below O C (Fig. 5). These 
14co2 uptake rates are for leaf tissue of leaf 3 which was primarily 
produced in the early spring. Uptake of 14co2 , measured at 20 C leaf 
temperatu~e and saturating irradiance, gradually increased during this 
four-week period in March and April. Stomatal conductance did not 
change during this time period (data not shown). 
Ambient photosynthetic rates of overwintering leaves are shown in 
Fig. 6 in conjunction with phenological and environmental measurements. 
The diagrammatic representation of leaf phenology (Fig. 6, .!:E.E_) is a 
composite of leaf size and developmental data from the destructive 
harvest and marked tiller measurements. These drawings depict the 
average development and senescence of leaves 1, 2, and 3 for both 
species. At the bottom of Fig. 6, the long-term, average monthly 
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21, 18, 13, 8, and 4 C. The lower two graphs show means and associated 
standard errors of standard PN, determined at 21 C leaf temperature and 
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Figure 6. Phenological, photosynthetic, and climatic measurements for 
the fall, winter, and early spring. At the top of the figure, leaf 
development and senescence, which were very similar for both species, 
are shown diagrammatically. In the center, there are the means and 
associated standard errors of ambient photosynthetic rates for leaf 2 of 
~ desertorum (open symbols, dashed line) and~ spicatum (solid symbols 
and line). (Means have N= 14to 10.) Ambient PN measurements are indicated by circles, and CO2 uptake measurements by triangles. All photosynthetic determinations were at saturating irradiance, and at leaf 
temperatures shown by the open circles in the bottom graph. The bottom 
graph of this figure also shows the 30-year, mean monthly maximum and 
minimum air temperatures (solid circles and lines) and the snow cover 
over plants·during the 1980-1981 (horizontal cross-hatching) and 
1981-1982 (vertical cross-hatching) winters. 
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maximum and minimum air temperatures are shown. Snow cover over plants 
at the study site is also included. Two contrasting years, one of 
light, intermittent snow and another when snow cover was deep and 
continuous, are portrayed. Ambient PN and 14co2 uptake rate of 
overwintering leaf 2 (Fig. 6, center) were measured at leaf 
temperatures which were very close to the average maximum air 
temperature (Fig. 6, bottom)e Both species had the potential for 
positive PN during midwinter. Ambient photosynthetic rates were 
measured in December, 1980, between intermittent snow cover and in 
January, 1983, when plants were partially covered by snow. In 
addition, overwintering leaves exhibited an increase of ambient 
photo synthetic rates during the spring. 
Discussion 
Although both species have positive photosynthetic rates during the 
winter and early spring, the soluble carbon pools of both species did 
not increase during this time period. Total plant saccharide pools 
were barely maintained over a winter with intermittent snow cover, 
during which one would expect a higher probability of favorable 
environmental conditions for photosynthesis than in a winter of 
continuous snow cover. However, without the winter and early spring 
photosynthesis, plant saccharide pools might be reduced. Besides 
partially balancing the winter carbon budget, cold-season growth and 
photosynthesis may also facilitate growth of these bunchgrasses during 
the early spring, when water and nutrients would be available. Regehr 
and Bazzaz (1976) suggest a similar ecological benefit for the positive 
PN of winter annuals during the winter and early spring. Winter 
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annuals may be able to dominate successional communities because they 
may exploit resources during the spring more quickly than summer 
annuals. Even though this hypothesis that facilitated growth in the 
spring compensates for a net carbon loss during the winter is 
intuitively appealing, it has not been rigorously tested. 
Despite the diverse evolutionary origins of these two bunchgrasses, 
both species have many similar leaf and photosynthetic characteristics. 
Phenological patterns and foliage mortality of~ desertorum were very 
similar to h spicatum. Although leaf 1 mortality for~ desertorum 
was significantly greater than for~ spicatum (Fig. 2), leaf 1 
mortality rates were high for both species. In addition,~ spicatum 
leaf 1 was very small (Fig. 1), and the photosynthetic and ecological 
significance of a few more, but small leaves in the spring would seem 
to be minimal. Photosynthetic rates per unit dry mass and protein were 
also similar between the two species. Maximum PN, expressed on an area 
basis, was higher in A. spicatum (Fig. 4), but specific leaf mass was 
also greater (Fig. 3). 
Patterns of carbon investment in foliage were different between the 
two bunchgrasses. ~ desertorum had larger (Fig. 1) and thinner (Fig. 
3) leaves, and more green surface area per tiller. The total dry 
matter investment per tiller in fall and early spring foliage for A. 
desertorum was 40-50% greater than for~ spicatum. Although nitrogen 
investment in metabolic and photosynthetic proteins was similar when 
expressed on a dry mass basis, total protein-nitrogen investment per 
tiller into A. desertorum foliage was also greater than~ spicatum. 
Growth in the early spring of h desertorum was greater than that of 
A. spicatum (Caldwell et al. 1981). A. desertorum also invests more 
carbon and nitrogen in late-autumn foliage production, which may be 
partially responsible for the earlier growth in the spring~ 
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The photosynthetic rates of~ desertorum and!:_ spicatum foliage 
declined in the fall due to both less favorable temperatures for 
photosynthesis and a loss of photosynthetic activity (Figs. 6 and 4). 
A loss of photosynthetic activity during the fall has been reported in 
conifers (Strain et~- 1976, Tranquillini 1979, Benecke et al. 1981), 
wheat (Barta and Hodges 1970, Sawada and Miyachi 1974), and strawberry 
(Jurik 1980). Overwintered A. desertorum and A. spicatum foliage 
showed an increase of ambient photosynthetic rates during the spring 
(Fig. 6). In addition, the standard PN of bunchgrass foliage which 
developed during the early spring was greater than that of hardening 
fall foliage (Fig. 4), and was apparently not affected by periods of 
cold spring weather (Fig. 5). 
Both species had positive photosynthetic rates during the winter 
(Fig. 6). In contrast, overwintering strawberry leaves were completely 
dormant during the winter, and did not resume photosynthetic activity 
even when brought into the laboratory and warmed (Jurik 1980). 
However, positive PN near O C have been reported for arctic grasses 
(Tieszen 1975), an arctic perennial herb (Mayo et al. 1973), hardened 
winter wheat (Barta and Hodges 1970), and successional winter annuals 
(Regehr and Bazzaz 1976). Klosson and Krause (1981) also reported 
positive PN for hardened spinach leaves at leaf temperatures below the 
temperature at which visible ice formation in the leaves occurred. 
Conclusions 
Results from this study show that foliage of A. desertorum and A. 
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spicatum that is photosynthetically active during the winter does not 
necessarily experience high mortality and that the photosynthetic 
activity of this foliage is not permanently depressed. Our results 
also show that photosynthesis during the winter and early spring may 
compensate for some of the plant's maintenance costs during this time 
period and facilitate faster growth in the early spring. 
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CHAPTER II 
A TEST OF COMPENSATORY PHOTOSYNTHESIS N THE FIELD: 
IMPLICATIONS FOR HERBIVORY TOLERANCE 
Introduction 
An increase in photosynthetic rates of foliage on partially 
defoliated plants may be a mechanism to partially compensate for 
herbivory (McNaughton 1979a, 1983, Dyer et al. 1982). This enhanced 
photosynthesis following partial foliage removal may be due to either 
an increase in the photosynthetic rates of foliage on these plants 
relative to similar-aged foliage on undefoliated plants, which we 
define as "compensatory photosynthesis", or a change in the age 
composition of foliage from predominantly older tissue on undefoliated 
plants to younger regrowing tissue on partially defoliated plants. 
Following severe defoliation of two Agropyron species, Cald well et~-
(1981) found that the younger regrowing foliage on defoliated plants 
had higher net photosynthetic rates than the relatively older foliage 
on undefoliated plants. This increase in photosynthesis that 
accompanies a change in age composition is to be expected because 
younger foliage usually exhibits greater photosynthetic capability. 
However, the phenomenon of compensatory photosynthesis is more 
impressive, especially since photosynthetic rates of leaves that remain 
after partial defoliation may in some cases be more than twice the 
rates of leaves of similar age on undefoliated plants (Gifford and 
Marshall 1973, Hodgkinson et al. 1972, Hodgkinson 1974). 
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Photosynthetic rates of leaves that regrow after partial defoliation 
can also be greater than photosynthetic rates measured on leaves of the 
same age on undefoliated plants (Woledge 1977, Heichel and Turner 
1983). 
Although compensatory photosynthesis after partial defoliation is 
well documented in many plant species, not all species exhibit this 
phenomenon (Ryle and Powell 1975). Also, changes in photosynthetic 
rates after partial defoliation may be influenced by the method of 
defoliation, leaf age, light conditions, and probably other factors as 
well. For example, in experiments with Agropyron smithii, leaves 
damaged by simulated insect herbivory exhibited a depression of net 
photosynthesis (Detling et al. 1979), whereas compensatory 
photosynthesis occurred in undamaged leaves when 75% of the tillers on 
a plant were clipped (Detling and Painter 1983). Continuous or severe 
defoliation can sometimes yield different results than a single, 
moderate one (Alderfer and Eagles 1976, Hodgkinson 1974), but the 
severity of defoliation is not always influential (Painter and Detling 
1981). Leaf age and the light environment may also influence the 
degree of change in photosynthetic rates following partial defoliation 
(Hodgkinson 1974, Woledge 1977). Finally, compensatory photosynthesis 
in growth chamber and greenhouse studies may be exaggerated when 
compared to field conditions because of the optimal growing conditions. 
Because most of the studies cited above were conducted under greenhouse 
or growth chamber conditions and usually limited to investigations of 
short-term photosynthetic changes of one or two cohorts of leaves 
following a single defoliation, the application of these results to 
plant responses following herbivory in nature is questionable. 
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The purpose of our experiment was twofold. First, we wanted to 
determine the magnitude and extent to which compensatory photosynthesis 
occurs in the field on mature plants that were clipped in a manner that 
simulated the defoliation behavior of cattle in a rangeland pasture. 
Therefore, the life histories of individual foliage elements were 
examined, and the photosynthetic rates of all foliage elements were 
measured during their ontogeny. The second goal was to determine if 
photosynthetic water use efficiency (photosynthesis/transpiration) or 
photosynthetic rates per unit soluble protein were altered concurrently 
with photosynthesis following clipping. For these experiments, we 
selected two species that are morphologically and phenologically very 
similar, but likely have had different levels of grazing pressure 
during their evolutionary history (see Caldwell et al. 1981). 
Methods 
Two bunchgrass species, Agropyron desertorum (Fisch. ex Link) 
Schult. and~ spicatum (Pursh) Scribn. and Smith, were used in our 
experiment. Mature plants of both bunchgrass species and a shrub, 
Artemisia tridentata ssp. vaseyana (Rydb.) Beetle, were transplanted in 
1978 in a regular matrix such that the nearest neighbors of each 
individual bunchgrass plant were four Artemisia plants located in 
orthogonal directions from the bunchgrass plant. The northern Utah, 
U.S.A., study area is representative of semiarid, North American Great 
Basin rangelands where~ spicatum and Artemisia tridentata are native 
and where A. desertorum has been seeded. Further descriptions of the 
three species and the study site are found in Caldwell et al. (1981). 
Individual plants of each bunchgrass species were paired on the 
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basis of aboveground biomass in mid-April, 1981, and one member of each 
pair was randomly selected for the clipping treatments. Plants were 
manually clipped on April 16, 1981, and the same plants were clipped 
two more times at two-week intervals. With each clipping treatment, 
approximately 50% of the standing crop was removed with a cut that was 
above the majority of the apical meristems and also parallel to the 
ground surface. This frequency, intensity, and horizontal method of 
defoliation simulated the cattle grazing behavior that has been 
observed to occur on similar-sized~ desertorum plants in rangeland 
pastures (P. A. Johnson, personal communication). In 1982, control 
(undefoliated) plants from 1981 were paired, and one member of each 
pair was randomly selected for clipping treatments. The intensity, 
frequency, and horizontal method of defoliation in 1982 was identical 
to 1981, but the first clipping treatment in 1982 was delayed until 
April 27, 1982, because a cold, snowy winter and spring delayed plant 
growth. 
Net photosynthesis and transpiration were determined in the field 
with a steady-state gas exchange system (Bingham and Coyne 1977). All 
gas exchange measurements were at saturating light intensity (a 
photosynthetic photon flux density greater than 1.7 mmol photons m-2 
s- 1), and a cuvette co2 concentration near 335 ~1 i-
1 (range: 320-365 
~1 1- 1). Leaf temperatures for photosynthetic measurements were 
between 21 and 24 C, which is within the optimal temperature range of 
photosynthesis for these two species (Chapter III), and the water vapor 
mole fraction gradient from leaf to air was near 0.027 mol mol- 1 
(range: 0.023-0.030 mol mol- 1). Net photosynthesis and transpiration 
were calculated as outlined in Caemrnerer and Farquhar (1981). The 
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~otosynthetic rates of all green leaf blades, leaf sheaths, stems, and 
inflorescences were sampled from April through July, 1981, and in 
mid-June, 1982. Three or four gas exchange measurements usually could 
be obtained each week for each foliage element. Photosynthesis and 
t r anspiration are expressed on a comparable area basis for the 
different plant parts: a "one-side" unit of reference for blades, one 
half the actual surface area for the sheaths and stems, and the 
projected (one-side) area for inflorescences. The projected area of a 
plant part that was enclosed by the gas exchange cuvette was determined 
nondestructively by measuring its image projected on blueprint paper. 
In addition to the gas exchange data, the developmental stage, length, 
and canopy position of the individual foliage elements were also 
recorded. 
Plant water potential was estimated by the pressure chamber 
technique (Waring and Cleary 1967). Predawn xylem pressure potentials 
were estimated near sunrise on plants that had been covered by buckets 
to exclude the early sunlight. Recent research with these two species 
shows that predawn water potential measurements of covered plants are 
more than those of uncovered plants, but the difference between predawn 
water potential of covered plants and that of uncovered plants is the 
same for both species (D. A. Johnson and J. H. Richards, personal 
communications). Therefore, the term "covered" will be used to indicate 
predawn water ·potential measurements of covered plants. Midday values 
were measured on the same plants shortly after solar noon~ Leaves were 
enclosed in small plastic bags in order to minimize water loss during 
measurement of xylem pressure potential (Turner and Long 1980). 
Because the water potential measurements constituted an additional 
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clipping treatment, an individual plant was sampled only once during 
the growing season. 
Specific mass and soluble protein concentration of foliage were 
obtained from eleven destructive tiller harvests that were spaced 
approximately ten days apart from mid-April to mid-July, 1981, and one 
harvest that occurred in mid-June, 1982. On each harvest date, a total 
of 6 to 20 tillers, which were randomly selected from both the edge and 
the center of each tussock, were harvested from one to three plants of 
each species-treatment group. The developmental stage, length, and 
canopy position of each green foliage element were recorded, and then 
the tillers were separated into the individual foliage elements. The 
projected area of individual foliage elements was measured with a LiCor 
(Lincoln, NB) leaf area meter. Foliage was either oven-dried (70-80 C) 
or freeze-dried, and the dry mass of each foliage element was divided 
by the surface area to calculate specific mass. Soluble proteins of 
individual foliage elements were extracted and digested to amino acids 
(Dickson 1979), and the soluble protein concentration was determined 
with ninhydrin (Chapter I). As with the water potential 
determinations, no other measurements were taken from plants after they 
had been destructively harvested. 
In mid-April, 1981, five tillers on each of eight plants that had 
been paired for the clipping treatments were marked with colored wire 
tags. There were two pairs of plants from each species. Three days 
before the first clipping treatment, the developmental stage, length, 
and canopy position of each individual leaf were recorded. These 
measurements, which were repeated at approximately seven-day intervals, 
provided known cohorts of leaves to cross-reference similar leaves from 
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the photosynthetic and destructive harvest samples. 
A three-way analysis of variance CANOVA) that had species, 
treatment, and day as the main effects and incorporated all possible 
two- and three-way interactions was used for most of the statistical 
analyses. A mixed model analysis was used, where the species and 
treatment main effects were fixed and the day main effect was random. 
A separate ANOVA was conducted for each cohort of foliage elements to 
avoid confounding the results of one foliage element by the results of 
another, different-aged foliage element. However, if the results from 
one cohort were identical to another, then the data from these cohorts 
were combined. For all statistical tests, p<0.05 was considered 
significant. Data are reported as mean+ 1 standard error. 
Results 
Phenology 
The physiognomy of reproductive and vegetative (nonreproductive) 
tillers on control (undefoliated) plants during 1981 are shown in Fig. 
7. The five dates correspond to when the partially defoliated plants 
were initially clipped (April 16), when the partially defoliated plants 
were reclipped a second (April 30) and third (May 14) time, and when 
the growth of foliage on reproductive (June 22) and vegetative (July 
20) tillers was curtailed. Length, developmental stage, and canopy 
position data from our marked and destructive harvest tillers and 
foliage angle data from Caldwell et al. (1983) were used to depict 
these tillers. The developmental stages (inset, Fig. 7) and canopy 
position of foliage elements on~ desertorum plants were nearly 
identical to those on A. spicatum plants. Sheath and stem lengths were 

Figure 7. Scale drawings of foliage elements on a reproductive and a 
vegetative tiller during 1981. Phenology, length, canopy position, and 
foliage inclination data from control plants of both bunchgrass species 
were used to depict these tillers. Individual leaves are indicated by: 
F, blade of flag leaf; F-1, blade of first leaf below the flag leaf; 
etc. The senesced portions of foliage elements are shaded. The 
horizontal, dashed lines indicate the height at which partially 
defoliated plants were clipped. Inset: Developmental stages of F-4 and 
F-3 leaves on marked tillers from control (circles, solid lines) and 
clipped {squares, dashed lines) plants of h desertorum and h spicatum. 
Developmental stages of individual leaves were rated as: 1, a newly 
expanded leaf that was still completely rolled; 2, an expanding leaf 
with a flatt~ned distal area; 3, a fully-expanded leaf; 4, a leaf that 
had senesced 20 m:n or more at the tip; 5, a completely senesced leaf. 
Each point is the mean of ten leaves, and the standard error is shown. 
Arrows correspond to when partially defoliated plants were clipped in 
1981. 
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also the same for the two species, but the length of leaf blades on A. 
spicatum plants was generally greater than the length of similar leaves 
on~ desertorum plants. The dimensions and phenology of foliage 
elerrents in Fig. 7 are averages from control plants of both species. 
lthough the tillers drawn in Fig. 7 are representative of control 
plan ~s, some attributes of foliage on clipped plants can also be 
obse·ved. The clipping, which was parallel to the ground surface, did 
not 1niformly damage a cohort of leaves because the foliage angles 
varitd (~·£·, the F-3 leaves on April 16). Also, a particular leaf may 
have been reclipped during successive clipping treatments (~·£·, F-2 
leav ,s on April 16 and 30). 
~he ini t iation of new leaves was not affected by the clipping 
trea ments, but the senescence of the two oldest, fully-expanded leaves 
that were present at the time of the first clipping treatment was 
dela ~ed ( i nset, Fig. 7). Senescence of these two leaves on partially 
defo iat ed A. desertorum plants was delayed approximately one month 
later than the marked leaves on control plants. Senescence of marked 
F-4 eaves on partially defoliated h spicatum plants was delayed 
apprcximately two weeks relative to similar leaves on control plants. 
Howe\er, senescence of F-3 leaves on clipped h spicatum plants was 
only marginally delayed. Data for the F-2, F-1, and F leaves did not 
show any differences in leaf senescence between control and clipped 
plants within each species. 
The chronological age, the phenological stage, and the 
physi ological state of a cohort of foliage elements on A. desertorum 
plants are similar to those on h spicatum plants on any particular 
calendar date. The initiation of a cohort of foliage elements occurred 
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on about the same calendar date for both species. Therefore, the time 
that elapsed to a particular calendar date, which is the cohort's 
chronological age, is similar between the two species. Because the 
developmental stage of that foliage is also similar between the two 
species, the phenological stage of the foliage is the same between 
species on any calendar date. Finally, physiological processes, such as 
photosynthesis, change in a characteristic pattern during leaf 
ontogeny, and this pattern represents the physiological state of 
foliage. As discussed below, net photosynthetic rates of foliage on A. 
desertorum plants are similar to those on h spicatum plants during all 
stages of foliage ontogeny. Therefore, the physiological state of a 
cohort of foliage on plants of one species are the same as that of the 
other species. Because the chronological age, the phenological stage, 
and the physiological state of a cohort of foliage elements are very 
similar between species, data from one species can be directly compared 
to data from the other on any particular calendar date. 
The photosynthetic behavior of leaves following clipping may differ 
between leaves that were fully expanded at the time of clipping and 
those that were initiated or continued to grow following the clipping. 
Thus, two categories of foliage will be considered: fully-expanded 
foliage at the time of clipping that remained on the plants, designated 
as "remaining foliage"; and the newer, expanding foliage at the time of 
clipping, or "regrowth foliage". Because the timing of new leaf 
initiation was not significantly different between control and clipped 
plants, Fig. 7 would indicate the developmental stages of cohorts of 
.leaves on clipped plants at the time of each clipping treatment. For 
example, the cohort of F-2 leaves was expanding when the plants were 
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fuitially clipped, and therefore F-2 leaves are designated as "regrowth 
fuliage" after this initial clip. However, F-2 leaves were fully 
expanded before the second clipping treatment, and would be classed as 
remaining foliage after the last two clipping treatments. 
Before late May, reproductive and vegetative tillers had the same 
cppearance (Fig. 7). Therefore, all data collected before late May were 
a-bitrarily considered as representing reproducti~e tillers because 
~st of the marked tillers became reproductive. In mid- or late-May, 
~productive tillers were in the boot stage, and both reproductive and 
vegetative culms were elongating. Therefore, the inflorescence and 
m)st of the sheath and stem foliage elements were regrowth foliage. In 
ajdition, vegetative tillers continued to produce new leaves during the 
r=mainder of the growing season. Vegetative tillers generally had four 
g~een, fully-expanded leaves per tiller: two younger leaves that were 
r ~growth leaves after the third clipping treatment and two older leaves 
t1at were remaining foliage. 
W1ter status and gas exchange of foliage: 
E:fects of clipping 
Clipping did not enhance the water status of clipped plants 
r~lative to control plants (Figs~ 8 and 9), even though the aboveground 
b.omass on clipped plants was less than one-half of that on control 
p.ants. For both bunchgrass species, neither covered nor midday plant 
w1ter potential of foliage on clipped plants was significantly 
d.fferent from the water potential of foliage on control plants during 
1)80 (Fig. 8) and 1981 (Fig. 9). Although air temperatures were 
r elatively cool in April, 1981, plant water potential was low, probably 
because of the low rainfall for that month (32 mm). In May, 1981, 
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foliage on control (circles, solid lines) and clipped (squares, dashed 
lines) plants of h desertorum and h spicatum. Each point is the mean 
of 4-8 pressure chamber determinations, and the standard error is shown. 
Precipitation at the field site during the same time period is indicated 
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near-record precipitation was recieved (119 mm) and all plant water 
potentials were relatively high and constant. Both covered and midday 
water potential dropped by more than 3 MPa during the summer drought 
period in June and July, 1981. The seasonal changes in plant water 
potential during 1980 were similar to those in 1981. 
The significant clipping treatment effects on the net 
photosynthetic rates of leaves on reproductive tillers (Fig. 10) showed 
that compensatory photosynthesis occurred in the field. The results 
for net photosynthetic rates of individual leaf blades measured in 1981 
are presented as three groups of leaves that had similar photosynthetic 
rates within each group. The oldest remaining foliage on partially 
defoliated plants (F-4 and F-3 leaves) of both species had 
significantly higher photosynthetic rates than similar foliage on 
control plants by the second week after each clipping treatment. Net 
photosynthesis of the F-2 leaves on partially defoliated plants, which 
was remaining foliage after the second and third clipping treatments, 
was also significantly greater than similar foliage on control plants 
following the second and third clipping treatments for~ spicatum, but 
only following the third clipping treatment for~ desertorum. Some 
regrowth foliage, the F-2 leaves of~ desertorum after the first 
clipping treatment and the F-1 leaves of~ spicatum after the second 
clip, had photosynthetic rates that were significantly greater than 
similar foliage on control plants. However, the photosynthetic rates 
of other regrowth leaves and the youngest remaining leaves (the F-1 
leaves) on reproductive tillers were not greater than that of 
corresponding leaves on control plants. A temporary period of reduced 
photosynthesis occurred after each clipping treatment for leaves on 
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reproductive tillers from control (circles, solid lines) and clipped 
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bunchgrass plants in 1982 are shown by bar graphs (control = open bars; 
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measurements of net photosynthesis, and the standard error is shown. 
Analyses of variance for individual cohorts of leaves were conducted, 
but the data from cohorts that had similar results were combined. 
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partially defoliated~ desertorum plants. In~ spicatum, a similar 
pattern occurred following the first clipping treatment, but not 
following the second or third clipping treatments. The photosynthetic 
behavior in June, 1982, of leaves on reproductive tillers was very 
similar to that in June, 1981. 
Compensatory photosynthesis for leaves on vegetative tillers was 
evident in~ spicatum, but not in A. desertorum. For~ desertorum, 
net photosynthesis of leaves on clipped plants (15.0 ~ 0.7 pmol m-2 
s- 1) was not significantly different from control plants (14.0 ~ 1.0). 
However, net photosynthesis of leaves on vegetative tillers from 
partially defoliated~ spicatum plants (18.0 ~ 1.2) was significantly 
greater than similar leaves on control plants (14.3 ~ 1.0). These 
means are the combined results of data collected from remaining and 
regrowing leaves during the last half of June, 1981 and 1982. 
Photosynthetic rates were very similar among the different leaves and 
did not change during this time period. 
The level of damage sustained by an individual leaf on clipped 
plants did not affect its photosynthetic rate. Each cohort of leaves 
on partially defoliated plants consisted of two leaf populations, one 
population of damaged leaves and another of leaves that were undamaged. 
This variability in leaf damage occurred because of the natural 
variation in leaf and stem inclination and the horizontal clipping 
treatment (Fig. 7). Photosynthetic rates of these two populations were 
not significantly different. For example, the mean net photosynthetic 
rate of F-4 and F-3 leaves on clipped~ desertorum plants after the 
third clipping treatment was 13.8 ~ 1.1 pmol m-2 s- 1 for undamaged 
leaves and 14.0 + 1.3 for damaged leaves; and for clipped A. spicatum 
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plants, the mean was 15.1 + 0.4 for undamaged leaves and 16.1 + 1.5 for 
damaged leaves. 
Green leaf sheath, stem, and inflorescence foliage elements were 
also photosynthetically active, and some of these plant parts exhibited 
compensatory photosynthesis after partial defoliation (Fig. 11). For 
both species, regrowth leaf sheaths and stems on partially defoliated 
plants initially had greater photosynthetic rates than similar foliage 
elements on control plants. Although this difference did not persist in 
either species, net photosynthesis of sheaths and stems on partially 
defoliated~ desertorum plants was again significantly greater than 
control plants in early July. Net photosynthesis of the inflorescence 
and the stem that subtends the inflorescence on clipped A. desertorum 
plants was significantly greater than similar reproductive tissue on 
control plants. However, partial defoliation had no effect on the 
photosynthetic rates of reproductive foliage on~ spicatum plants. 
These effects of partial defoliation on photosynthetic rates of 
nonblade foliage were the same in 1981 and 1982. 
Photosynthetic water use efficiency, or PIT ratio, was not 
significantly affected by the clipping treatment for all foliage 
elements of both species. For example, the PIT ratio of F-2 leaves on 
clipped h spicatum plants averaged 2.4 ~ 0.1 mmol co2 mol H2o-1 
following the second clipping treatment and 1.4 ~ 0.1 following the 
third. The mean PIT ratio of similar foliage on control plants of this 
species was 2.2 + 0.1 after the second clipping treatment and 1.4 ~ 0.1 
after the third. 
Specific mass of most foliage elements also was not affected by the 
clipping treatments, but soluble protein concentration was increased in 
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Figure 11. F'notosynthetic rates of leaf sheaths and stems, the stems 
that subtend the inflorescences, and the inflorescences on both 
• bunchgrass species. Measurements from control plants are shown by 
circles and solid lines (1981) and open bar graphs (1982); from clipped 
plants, by squares and dashed lines (1981) and shaded bar graphs (1982). 
Each point and bar graph is the mean of 2-19 measurements, and the 
standard error is shown. The arrows mark when the partially defoliated 
plants were clipped the third time in 1981. 
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all foliage elements (Table 1). The specific mass of all leaf blades 
on partially defoliated plants was not significantly different from 
similar blades on control plants. However, specific mass of regrowth 
sheaths and stems on partially defoliated plants was significantly less 
than those on control plants. Soluble protein concentrations of both 
remaining and regrowth foliage elements on clipped plants were 
significantly greater than similar elements on control plants. 
Photosynthetic rates expressed on a unit dry mass basis were 
linearly correlated with soluble protein concentrations (Fig. 12). The 
data in Fig. 12 are for foliage from control and partially defoliated 
plants of both species, and include measurements of blade, sheath, and 
stem foliage. The linear correlation of data from control plants 
(r=0.89) was not significantly different from the linear correlation of 
data from clipped plants (r=0.71). 
Water status and gas exchange of foliage: 
Species differences 
The water status and gas exchange rates of foliage on control and 
clipped A. desertorum plan~s were not significantly different from 
similar foliage on~ spicatum plants. Covered and midday water 
potentials of~ desertorum were the same as those of~ spicatum 
(Figs. 8 and 9). A few foliage elements on partially defoliated~ 
desertorum plants had higher photosynthetic rates than similar foliage 
on~ spicatum plants (~.~-, reproductive foliage, Fig. 11), but 
photosynthetic rates of some other foliage elements on clipped~ 
spicatum plants were greater (~.~-~ leaves on vegetative tillers). 
However, the photosynthetic rates of most foliage elements on clipped 
plants were not significantly different between species. Finally, water 
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Table 1. Hean and standard error of specific mass and of soluble 
protein concentration for groups of foliage. Measurements were 
collected from April through July, 1981, and in June, 1982. The groups 
of foliage represent individual cohorts of foliage elements that had 
statistically similar results. The means represent 60-162 measurements 
for specific mass and 28-151 determinations for ~oluble protein 
concentration. 
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Figure 12. Photosynthetic rate per unit dry mass for leaf blade and 
nonblade plant parts plotted against soluble protein concentration. 
Each point is a measurement from an individual foliage element. Data for 
~ desertorum plants are indicated by closed symbols; for A:_ spicatum, 
by open symbols. Measurements from control plants are represented by 
circles; from clipped plants, by squares. The linear correlation 
coefficient (r) for all data points is 0.87. 
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use efficiency of~ desertorum foliage was not significantly different 
from similar foliage on~ spicatum plants. For example, the mean P/T 
ra t i) of leaves on vegetative tillers from partially defoliated h 
spic atum plants was 1.4 + 0.1 mmol co2 mol H2o-
1; for similar foliage 
on cl ipped h desertorum plants, 1.6 ± 0.1. 
fhe specific mass of many foliage elements was not significantly 
di f f~rent between the two ~pecies (Table 1). The specific masses of 
F-2, F-1, and F leaves on reproductive tillers and of leaves on 
vege~ative tillers in~ spicatum plants were greater than similar 
leav ~s in h desertorum plants, but no significant differences were 
founj between species for the specific masses of F-4 and F-3 leaves and 
al l 3heaths and stems. Also, the soluble protein concentrations of all 
fo i3ge elements on both control and clipped~ desertorum plants were 
not 3ignificantly different from similar foliage on the respective A. 
sp i c3tum plants. Final l y, the l i near correl ation between 
phot synthetic rates per unit dry mass and soluble protein 
conc entrations for~ desertorum (r=0.89) was not significantly 
diff erent from the linear correlation of data from A. spicatum (r=0.83) 
(Fig. 12). 
Disc ussion 
Compensatory photosynthesis 
:he average increase in photosynthetic rates following partial 
defo iation in our field study was generally less than that reported in 
previous laboratory studies. For comparison, mean daily differences in 
photosynthetic rates between foliage on clipped plants and similar-aged 
foliage on control plants were calculated for the duration of each 
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study. In our study, the photosynthetic rates of foliage on partially 
defoliated plants averaged 27% higher than similar foliage of the same 
age on control plants for both Agropyron species. This magnitude of 
compensatory photosynthesis is similar to that reported for Agropyron 
smithii grown in growth chambers (Painter and Detling 1981, Detling and 
Painter 1983), but less than one half the magnitude found for Lolium 
multiflorum (Gifford and Marshall 1973) and Medicago sativa (Hodgkinson 
et~- 1972) grown in glasshouses. In the only other known field study 
of compensatory photosynthesis in individual foliage elements, the 
average increase in net photosynthetic rates of two deciduous tree 
species following defoliation was generally greater than that in our 
study (Heichel and Turner 1983). 
To place compensatory photosynthesis in a proper ecological 
perspective, it is necessary to assess the degree of change in 
photosynthesis in conjunction with the amount of photosynthetic 
biomass. For ex~mple, the greatest increase in compensatory 
photosynthesis was in the oldest foliage elements remaining after 
clipping, the F-4 and F-3 leaves (Fig. 10). Even though the 
photosynthetic contribution of these leaves relative to similar leaves 
on control plants would be further enhanced by a delay in leaf 
senescence (Fig. 7), they constituted less than 10% of the total 
aboveground biomass on clipped plants after June 1. Secondly, the 
average magnitude of the increase in photosynthetic rates following 
clipping was about one half the magnitude of the 60% decrease in 
aboveground biomass, relative to control plants. 
Compensatory photosynthesis was not accompanied by an increase in 
photosynthetic water use efficiency or photosynthetic rates per unit 
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soluble protein. Photosynthetic rates per unit soluble protein for 
foliage on clipped plants would be similar to those on control plants 
because the relative increases in soluble protein concentrations (Table 
1) and in photosynthetic rates (Figs. 10 and 11) were similar. 
Furthermore, photosynthetic water use efficiency and photosynthetic 
rates per unit protein were very similar between species. 
In our earlier study of these Agropyron species (Caldwell et~-
1981), we defoliated plants in a manner that resulted in a younger 
average age of foliage on clipped plants. The regrowth leaves on these 
clipped plants had consistently higher photosynthetic rates than leaves 
on control plants and the relative increase of photosynthetic rates for 
A. de s ertorum fo l iage following clipping was greater than~ spicatum 
foliage (Caldwell et~- 1981). These earlier results represent a 
valid comparison of foliage that was present on plants at the same 
point in time. When foliage elements of the same age are compared, as 
we have done in this paper, the increase in photosynthetic rates 
following clipping was not as pronounced as in our earlier study, and 
there was no significant difference in the degree of increased 
photosynthesis between species. 
An increase in photosynthetic rates of foliage following partial 
defoliation would be beneficial to a plant, but it is difficult to 
establish a clear relationship between this phenomenon and the ability 
to regrow following clipping or to tolerate grazing. Current 
photosynthetic carbon assimilation is the major source of carbon for 
foliage regrowth in grass plants (Ryle and Powell 1975, Caldwell et al. 
1981, Richards and Caldwell submitted). In our study, we chose two 
bunchgrass species that are known to have different levels of grazing 
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tolerance (Hyder 1974), but regrowth and compensatory photosynthesis of 
the two species were almost identical following three moderate clipping 
treatments. In an earlier study, we did find relatively greater 
regrowth in h desertorum plants following two severe clipping 
treatments, but the greater regrowth was attributed primarily to the 
ability to reallocate resources and activate meristems, and only 
secondarily to photosynthetic characteristics (Caldwell et al. 1981). 
Also, a difference in the ability to regrow following partial 
defoliation between an Agropyron smithii genotype collected from an 
area open to grazing and one from a grazing exclosure was not 
accompanied by a difference in compensatory photosynthesis (Detling and 
Painter 1983). 
Factors which may influence compensatory 
photosynthesis--
The occurrence of compensatory photosynthesis in the field cannot 
be attributed to a more favorable water status of clipped plants. 
McNaughton (1983) has suggested that a large decrease in 
transpirational surface area by grazing may conserve soil moisture, 
which may improve the water status of clipped plants. In our study, 
the clipping treatments resulted in a 60% reduction of aboveground 
biomass on these two bunchgrass species, but no significant differences 
existed between species or between treatments for covered and midday 
plant water potential in 1980 (Fig. 8) and 1981 (Fig. 9). The root 
systems of Artemisia tridentata and the two bunchgrass species overlap 
in the field (Caldwell and Richards 1984). Soil water that was not 
used by clipped bunchgrass plants was probably utilized by neighboring, 
unclipped Artemisia plants. The Artemisia plants were not clipped in 
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this study because they are usually not grazed in Great Basin 
rangelands. However, in experiments or ecosystems where all plants are 
uniformly grazed, a decrease in soil water depletion after grazing may 
improve the water status of grazed plants. 
Within both species, the oldest remaining leaves had the largest 
difference in photosynthetic rates between control and clipped plants 
(Fig. 10), which is similar to Hodgkinson's (1974) results. Also, the 
large differences in photosynthetic rates of F-4 and F-3 leaves between 
clipped and control plants were related to a delay in senescence of 
these leaves (inset, Fig. 7). This same phenomenon also occurred in 
clipped alfalfa (Hodgkinson et al. 1972) and Italian ryegrass (Gifford 
and Marsh a ll 1973 ) plants. Field (1981) and Mooney et al. (1981) have 
suggested that leaf aging may be accelerated for shaded leaves. In our 
experiments, clipping removed overtopping foliage and allowed more 
light to penetrate into the bunchgrass canopy. Thus, the senescence of 
older remaining foliage in the lower portion of the canopy, which 
normally would become densely shaded (Caldwell et..§.!_. 1983), may have 
been delayed by the increased light intensity resulting from partial 
defoliation. 
Increased soluble protein levels may have stimulated compensatory 
photosynthesis. Soluble protein concentrations of all foliage elements 
on partially defoliated bunchgrass plants were significantly higher 
than similar foliage of the same age on control plants (Table 1). Many 
of those foliage elements also had greater photosynthetic rates (Figs. 
10 and 11). There was also a high correlation between photosynthetic 
rates and protein concentration for all plant parts of these two 
species (Fig. 12). Ribulose bisphosphate carboxylase constitutes a 
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sizeable proportion of the leaf soluble protein pool (Jensen 1977), and 
activity of this enzyme is often directly related to photosynthesis 
(Bjorkman 1981, Friedrich and Huffaker 1980, Joseph et~- 1981). 
Unlike the situation with older remaining foliage elements, the 
light environment of regrowth foliage was not an important factor that 
influenced the occurrence of compensatory photosynthesis in our study. 
Woledge (1977) found that compensatory photosynthesis in regrowth 
foliage after partial defoliation of perennial ryegrass plants only 
occurred if there was a concomitant increase in light intensity. The 
light environment for regrowth foliage in our field study was uniformly 
high because regrowth foliage was at the top of the canopy. Therefore, 
the lack of compensatory photosynthesis in some regrowth foliage 
elements in our study was not caused by relatively low light 
intensities. 
Two other factors, specific mass and damage to individual leaves, 
also did not influence the occurrence of compensatory photosynthesis in 
our experiments. Regrowth sheaths and stems were the only plant parts 
whose specific mass was affected by the clipping treatments (Table 1). 
However, the lower specific mass of sheaths and stems is probably 
related to their structural and vascular functions rather than to their 
photosynthetic capability. Dyer et al. (1982) suggested that net 
photosynthetic rates of undamaged leaves are frequently enhanced 
following clipping, but photosynthetic rates of damaged leaves are 
almost always reduced. In our study, photosynthetic rates of undamaged 
leaves on clipped plants were not significantly different from that of 
damaged leaves for both bunchgrass species. 
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Conclusions 
Compensatory photosynthesis did occur in the field for many foliage 
elements of~ desertorum and~ spicatum. However, the average 
increase in photosynthetic rates of foliage in this study were 
generally lower than the increases in photosynthesis noted in 
laboratory studies. The magnitude of compensatory photosynthesis was 
largest in the two oldest, fully-expanded leaves that were present when 
the plants were initially clipped, but the contribution of these leaves 
to total carbon assimilation would be small after June 1 because they 
represented only a small proportion of the total aboveground biomass. 
Even though current photosynthetic carbon assimilation is essential for 
foliage regrowth after partial defoliation, the magnitude and extent of 
compensatory photosynthesis does not appear to be related to the 
ability to tolerate herbivory. 
Introduction 
CHAPTER III 
GAS EXCHANGE OF FOLIAGE AS IRRADIANCE AND 
TEMPERATURE VARIED 
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Agropyron desertorum (Fisch. ex Link) Schult. and~ spicatum 
(Pursh) Scribn. and Smith are two species with diverse evolutionary 
histories (see Caldwell et al. 1981). There are some important 
ecological differences between these two species, such as their 
abilities to tolerate grazing (Hyder 1974) and initiate new tillers 
after severe defoliation (Caldwell et~- 1981) and their tussock 
density (Caldwe l l et al. 1983). However, these two species also have 
some very similar characteristics. Phenological patterns of leaf 
initiation, growth, and senescence are almost identical between the two 
bunchgrass species (Chapters I and II). Furthermore, net 
photosynthetic rates at optimal temperature and irradiance conditions 
are also very similar. 
Photosynthetic rates at optimal environmental conditions may not 
accurately reflect the typical photosynthetic rates under natural 
conditions. For example, the average photosynthetic rates of three 
species during the day were 30% to 70% less than the photosynthetic 
rates measured under optimal conditions (Schulze and Hall 1982). 
Schulze and Hall (1982) also found that the maximum photosynthetic 
rates were never attained in the field for two of the species. But 
even if gas exchange rates could be characterized for foliage, other 
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factors may also influence the ability of plants to gain carbon. For 
example, the amount of photosynthetic surface area can be an important 
factor that affects carbon gain (Caldwell et al. 1977, Potvin and 
Werner 1983, Wilson and Ludlow 1983). Therefore, photosynthetic rates 
at optimal environmental conditions would have to at least be adjusted 
for field conditions and functional surface area before they would 
become ecologically meaningful. 
The purpose of our study was to determine if the changes in net 
photosynthesis, stomatal conductance, and intercellular co2 
concentration with respect to changes in irradiance or in leaf 
temperature were different between A. desertorum and~ spicatum. Also, 
if there were differences, then the ecological significance of those 
differences was explored. Light and temperature dependencies of gas 
exchange parameters were measured on undefoliated plants of both 
species throughout the spring growing season, and additional 
measurements were obtained from partially defoliated plants. The 
ecological significance of differences between the light and 
temperature dependencies of the two species was quantified by the 
estimation of the carbon gain and water loss rates of a single tiller. 
These carbon gain and water loss rates, which integrated gas exchange 
measurements with meteorological data and photosynthetic surface area 
determinations, placed the gas exchange differences between species in 
an appropriate ecological perspective. 
Methods 
Gas exchange of h desertorum and h spicatum foliage elements was 
measured on plants that were growing at a field study site in northern 
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Utah (for description of the study site, see Caldwell et~- 1981). A 
compensation gas exchange system (Bingham and Coyne 1977) in 
conjunction with an Analytical Designs Corp., Ltd., infrared gas 
analyzer were used to measure CO2 and water vapor fluxes. Net 
photosynthetic rates, stomatal conductances, and intercellular co2 
concentrations were calculated with equations that were expanded from 
those of Caemmerer and Farquhar (1981). Net photosynthesis and 
stomatal conductance are reported as molar fluxes per unit surface 
area. Surface area of a leaf was considered as the area of one side of 
a leaf blade, whereas area of a leaf sheath or stem was expressed as 
one-half the actual area. 
Light and temperature dependencies of net photosynthesis, stomatal 
conductance, and intercellular CO2 concentration were measured on 
individual foliage elements from April through July, 1980 and 1981. 
For light dependencies, photosynthetic photon flux density (PPFD) was 
decreased in steps from full sunlight (about 2.0 mmol photons m-2 s- 1) 
to approximately 1.5, 1.0, 0.8, 0.4, and 0.15 mmol photons m-2 s- 1• 
The temperature of the foliage element was kept near 22 C during the 
determination of light dependencies. Temperature dependencies of gas 
exchange parameters were measured at PPFD levels above saturating 
irradiance. During the first portion of the spring, foliage 
temperature was increased from about 14 C to 18, 21, 25, 28, and - 35 C. 
During the second half of the spring, the 14 C temperature step was 
removed because we could not cool the gas exchange cuvette to 14 C, and 
it was replaced by a 41 C, high temperature step. The co2 
concentration of the gas exchange cuvette was maintained near ambient 
levels as PPFD and foliage temperature were varied. The water vapor 
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mole fraction gradient from the leaf to the air (analogous to vapor 
pressure gradient) was also kept constant during determination of light 
dependencies. However, the water vapor mole fraction gradient was 
allowed to increase as foliage temperature was increased because both 
would increase concomitantly during the day. 
Initially, light and temperature dependencies for foliage elements 
on undefoliated plants were sorted by leaf position. For each cohort 
of leaves, a large change in the light and temperature dependencies 
occurred as the leaves became senescent. Therefore, we subdivided each 
cohort of leaves into two phenological groups: mature and senescent. 
The mature group consisted of leaves with a developmental stage of 3 
(fully-expanded; see Fig. 7), and the senescent group consisted of 
leaves with a developmental stage of 4 (20 mm or more of leaf was 
senescent; see Fig. 7). Within each phenological group, the gas 
exchange measurements were from leaves with similar phenological stages 
and physiological states, but the data were from different calendar 
dates. However, we also grouped leaves according to the season of 
initiation: leaves that were initiated early in the spring growing 
season (early-season) and those initiated later in the spring 
(late-season). The early-season leaves were initiated from 
mid-February through early-April and consisted of the three leaf 
positions F-5, F-4, and F-3 (see Chapter II). The late-season leaves 
were initiated from mid-April through late-May, and consisted of the 
three leaf positions F-2, F-1, and F (flag). Light and temperature 
dependencies for leaf sheaths and stems were measured in June and July, 
after the foliage elements were fully expanded. 
The light and temperature dependencies for foliage elements on 
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partially defoliated plants were sorted into groups similar to those on 
unclipped plants. The data for foliage on clipped plants were not as 
extensive as those for control plants because of time constraints. 
Light dependencies of foliage on partially defoliated plants were 
measured for both mature and senescent early-season leaves, for mature 
late-season leaves, and for sheaths and stems. Temperature 
dependencies were measured only for mature late-season leaves on 
partially defoliated plants. Data from foliage on clipped plants were 
collected in 1980, when plants were severely defoliated two times 
(Caldwell et al. 1981), and in 1981, when plants were moderately 
defoliated three times (Chapter II). 
To determine if the light and temperature dependencies of gas 
exchange parameters were different between the two species, three 
statistical tests were used. The first test determined if regression 
lines fo r two data sets were identical (Neter and Wasserman 1974). 
Essentially, the test employs a test statistic to determine if the data 
are best described by one regression equation or by two seperate 
regression equations. Regression equations for light and temperature 
dependencies of net photosynthesis, stomatal conductance, and 
intercellular CO2 concentration were determined for data sets grouped 
into the phenological-seasonal groups described above. Second-order 
polynomial regressions were used for all dependencies, except for 
temperature dependencies of stomatal conductance. Third-order 
polynomial regressions sometimes had slightly better correlation 
coefficients, r, or Durbin-Watson statistics, but also had inflection 
points that did not have biological meaning. The r values and 
Durbin-Watson statistics for linear regressions of leaf temperature and 
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stomatal conductance were as good or slightly better than second-order 
regressions; therefore, linear regressions were used for the 
temperature dependencies of stomatal conductance. 
If the test statistic for the comparison of two regression lines 
indicated that the data were best described by two seperate regression 
equations, then a second statistical techniques was used to examine the 
differences between species. The second statistical test was a 
Student's 't' test that compared the gas exchange observations within 
discrete ranges of PPFD and foliage temperature. Light dependencies 
were divided into three PPFD ranges: from 0.00 to 0.40 0.41 to 0.80, 
and 0.81 to 2.40 mmol photons m-2 s- 1• Temperature dependencies were 
divided into eight-degree intervals: from 0.0 to 8.0 C, 8.1 to 16.0 C, 
etc. A Student's 't' test was then used to determine if the gas 
exchange parameters from one species over the particular light or 
temperature range were significantly different from the other species 
over that same range. 
The third statistical test was used only on the light and 
temperature dependencies of net photosynthesis. "Biological" 
characteristics of the light and temperature dependencies were 
calculated for each i~dividual series of PPFD and temperature steps. 
The optimum temperature for net photosynthesis, the high temperature 
compensation point for photosynthesis, and the photosynthetic rate at 
the temperature optimum were the biological characteristics of 
temperature dependency curves that were calculated from the second 
order regression equation and its first derivative. Photosynthetic 
data from light dependencies were fit to the Smith equation (Smith 
1937), and the biological characteristics calculated from the Smith 
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e,qtations were the initial slopes of the light dependencies and 
phctosynthetic rates at saturating irradiance. The Smith equation is: 
PN 
k 1 I 
= {~~2:~-t2 1 
where: PN = net photosynthesis 
I = photosynthetic photon flux density (PPFD) 
k1 = initial slope of light dependency 
k2 = photosynthetic rate at saturating irradiance 
A Student's 't' test was used to determine if the biological 
ch aracteristic from one species was significantly different from the 
other species. 
All three of these statistical techniques were needed to completely 
an alyze the data. The first test determined if there were any 
differences between two regression equations, but did not allow one to 
de termine how the curves were different. The other two statistical 
t e sts were used to determine how the curves differed. From the second 
s t atistical test, the ranges of irradiance and temperature over which 
t he species were significantly different could be determined. The 
third statistical test was used to determine if regression 
characteristics that had biological meaning were significantly 
different between species. Results were considered significant if 
p<0.05. 
It .is also important to note some statistical characteristics of 
these tests. The initial comparison of regression lines is very 
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sensitive to any difference between regression lines. The 't' 
statistic from the second test would include variance due to species 
differences and variance due to the physiological change in the gas 
exchange parameter that would occur over the specific irradiance and 
temperature range. Therefore, these first two statistical tests would 
represent a lower and upper bound for detecting differences between 
species. The 't' statistic for the third test was not confounded as 
that in the second test because the values for the biological 
characteristics were derived from the sample population of individual 
dependencies. Unfortunately, this third test could only be used for 
photosynthetic data because biological characteristics of light and 
temperature dependencies of stomatal conductance and intercellular co2 
concentration have not been clearly established. 
In addition to the phenological and gas exchange data, measurements 
of the green surface area of foliage elements, air temperature, and 
PPFD were also collected at the study site. The green surface area of 
foliage elements was measured during the periodic destructive harvests 
of biomass that were described in Chapter II. Air temperature was 
measured with a fine-wire thermocouple, and PPFD was determined with a 
LiCor Corp. quantum sensor. Dew point temperature of the air was 
available from data collected at an official weather station that was 
within 2 km of the study site. 
Results 
Light dependencies of net photosynthesis, stomata! conductance, and 
intercellular CO2 concentration are shown in Fig. 13 for leaves that 
were initiated between mid-April and late-May. The gas exchange 
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Figure 13. Light dependencies of net photosynthesis, stomatal 
conductance, and intercellular CO concentration for mature late-season 
leaf blades. Gas exchange was defermined for 13 A. desertorum and 15 
~ spicatum leaves between late-April and mid-June": Light dependencies 
were measured as irradiance was decreased. Leaf temperature ~ys 
maintained near 22 C, cuvette CO2 concentration near 3J9 ul 1 , and 
water vapor mole fraction gradient near 0.027 mol mol Data were fit 
to the equations given in Table 1 for "et photosynthesis and stomatal 
conductance, and to a second-order polynomial for intercellular co
2 concentration. 
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measurements were taken between late-April and mid-June and were from 
leaves that were fully expanded. For both species, stomatal response 
to a decrease in light intensity was not proportional to the 
photosynthetic response, which resulted in an increase in intercellular 
CO2 concentration. Photosynthetic rates at saturating irradiance of 
~ spicatum leaves tended to be slightly higher than those of A. 
desertorum leaves, but the differences were not significant 2• 
Photosynthetic rates at low irradiance levels were very similar between 
species. Intercellular CO2 concentrations of h spicatum leaves were 
generally greater than those of~ desertorum leaves, but the 
differences were also not significant. Regression equations, 
correlation coefficients, and the p values for the regression 
correlation F test for data in Fig. 13, as well as Figs. 14, 15, 16, 
and 17 are given in Table 2. 
Temperature dependencies of gas exchange parameters of mature 
2 For stomatal conductance or intercellular CO2 concentration to be 
significantly different between species at all irradiances or 
temperatures, both the regression equation test (the first statistical 
test that was described in the Methods) and the 't' test for all three 
PPFD or six temperature ranges (the second statistical test) had to be 
significant. For stomatal conductance or intercellular co2 
concentration to be significantly different between species over a 
particular irradiance or temperature range, the 't' test for that 
particular range (the second statistical test) had to be significant. 
For net photosynthesis to be significantly different between species, 
the 't' test of biological characteristics (the third statistical test) 
had to be significant in addition to the criteria outlined for stomatal 
conductance and intercellular CO2 concentration~ 

Table 2. Regression equations for light and temperature dependencies 
of net photosynthesis and stomatal conductance. Equations, correlation 
coefficients (r), and the "p" values for the F test (F) are given for 
the four leaf groups and for mature sheaths and stems on unclipped 
plants (Con), and foliage groups on partially defoliated plants ( Clip) 
of~ desertorum (Agde) and~ spicatum (Agsp). Equations for net 
photosynthesis (P) and stomatal conductance (G) are expressed as 
functions~£ i~ 1adiance (I) and_~f ~laf temperature (T). Un~~s !~r P 
are pmol rn s ; for G, mmol m s ; for I, mmol photons m s ; and 
T, degrees Centigrade. A p value less than 0.05 is indicated by "•"; 
and a p value less than 0.01, by"••"· 
Foliage group Trt Spp Regression equation r F Regression equation r F 
Mature early- Con Agde P:-1.68 +25.Bx! -8.15xI 2-4 2 0.88 
.. P: 9.13 +1.03xT -0.0284xT 2 0.74 •• 
season leaves G: 151. +0.308xI -1.01x1s xl o. 65 •• G = 5 99. - 1 0. 5 x T 0.59 • 
Agsp P:-1.66 +28.1x1 -8.51x1 o. 91 •• P:: 3.82 +1.54xT -0.039:xr 2 0.91 •• 
G: 255. +0.160x1 -4.40x10- 5 xr 2 0.39 • G:: 471. -7.19xT 0.66 •• 
Clip Agde P:: 1.40 +26.2xI -8.32xI 2 0. 87 .. 
G = 2 90 • +O • 174 x I -5 • 1 4 x 1 ~ - 5 x I 2 0.49 • 07 
Agsp P:- 1.63 •30.2xI -10.0xl o. 95 •• 
G:: 325. +0.181xI -6.91x10- 5 x1 2 o. 10 • 38 
Senescent Con Agde P = 0. 3 0 1 • 1 6. 3 x I -5 • 80 x I 2 -4 2 0.72 •• P: 3. 55 +o. 64 x r -0. o 1 611 x r
2 o. 82 •• 
early-sea son G: 21 5. +O. 14 6 x I -5 . 7 8 x 1 S x I 0.20 .17 G: 1137. -8.01xT 2 0.99 •• leaves Agsp P: 1.59 +10.2xl -3.12xI 0.57 •• p = II • 3 6 +O • !,2 X T -0 • 0 1 4 9 X T o. 82 •• 
G: 169. +0.023xI +7.21x10- 5 xr 2 o. 10 • 35 G: 297 • -4. 01 xT 0.95 •• 
Clip Agde P= 3.58 +15.8xl - 7.31xI 2 1.00 •• 
G = 3 6 7 . -0. 04 4 x r -4 • 5 3 x 1 r6 x I 2 1.00 •• 
Agsp P:: 3.09 +12.6xl -4.26xI 0.99 •• 
G: 304. -0.070xI +5.05x10- 5 xr 2 0.98 •• 
Hature late- Con Agde P: 2.43 +18.2xI -1J.73xl 2 0.80 •• P: 2.05 +2 .0 9xT -0.0492xT 2 0.84 •• 
sea sor, leaves G: 85.1 +IJ.2 09xI -6.64x1f 5 xr 2 0.56 •• G: 444 . -7.31xT 2 0 . 8'.l •• 4sp P: 1.70 +2~.4xl -9.45xI 0.83 II P: 1. 61 +2.28xT -0.0527xT 0. 90 •• 
G: 193. +0.225xI - 7.26x1o - 5 xr 2 0.37 II G: 688. -12. 5xT o. 65 II 
Clip Agde P: ll.27 +31.?xI -10.4xI 2-4 2 0.79 •• 
P:-2.64 +1.81xT -0.038xT 2 0.63 •• 
G: 201. +0.291xI -1.06x1s xl o. 37 . 06 G: 613. -11.1xT 2 0.92 •• Agsp P: ll.69 +26.BxI -8.64xI -4 
2 0.72 
II P:0.1127 +1 .57 xT -0.032xT 0.55 • 
G: 232. +0.354xl - l .16x1 0 xl 0.50 •• G: 890. -16. 6xT 0.91 •• 
Senescent Con Agde P:-0.18 •3.20xl -0. 81J5xI 2 0.22 • 22 P:-6 . 70 +1. 19xT .J.).025xT 2 o. 91 •• 
late-season G:: 150. +0.068x! -1.89x1f 5 xr 2 0. ll0 • G: 504. -9.59xT 2 0.17 •• leaves 4sp P=-3.4 1 +1 6.0xI -4.58xl 0.66 •• P:-6,47 +1. 70xT -0,031xT o. 8JI •• 
G: 38~. +0,108xI -2.E2x1o- 5 xr 2 0.22 • 19 G: 701. -10,5xT o. 99 •• 
Mature sheaths Con Agde P:-1.03 •22.3xI - 5.22xl 2 0. 95 II P:-6.75 +1,62xT -0.036xT 2 0.75 •• 
and stems G: 21J2. +0.055xl -4.54xl~-6xl 2 0.88 II G: 267. -3.92xT 2 o. 61 •• Agsp P:- 1. 32 +20.6xI - 5 .4 5xI 0. 95 .. P: 3.llll +0.92xT -0.022xT 0.71 •• 
G: 213. +0.100xl -6.93x10-6xI 2 o. 95 II G: 216. -2.30xT 0. 62 •• 
Clip Agde P:-2. i l +28.3xl - 5 .10xI 2 0.99 .. 
G: 255. +0 .15 7 xI -3. 00 x1 s - 5 xr 2 0. 96 .. 
Agsp F =- 3 . 10 • J 4. 2x i - 9 . 99 x:;: 0. 95 II 
G: 36'.l. +0. 134x ! - J.06x10 - 5 xr;:> 0 . 73 
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leaves that were exserted in the late-spring were also measured (Fig. 
14). The linear stomatal response and curvilinear photosynthetic 
response to an increase in leaf temperature (concomitant with an 
increase in the water vapor mole fraction gradient from leaf to air) 
interacted so that intercellular CO2 concentration was not constant as 
leaf temperature increased. At low leaf temperatures, the stomatal 
conductance of mature late-season leaves on~ spicatum plants was 
significantly greater than that on!:_ desertorum plants. However, 
stomatal conductances of the two species were not significantly 
different at high leaf temperatures because the slope of the 
temperature dependency of stomatal conductance for!:_ spicatum leaves 
was steeper than that for A. desertorum leaves. Net photosynthetic 
rates and intercellular CO2 concentrations of!:_ spicatum leaves tended 
to be slightly higher than those of A. desertorum leaves, but the 
differences between species were not significant. Finally, the optimal 
temperature for net photosynthesis and the high temperature 
compensation point for photosynthesis were nearly identical for both 
bunchgrass species. 
When these late-season leaves were senescent, the responses of gas 
exchange parameters to changes in irradiance were very small (Fig. 15). 
Net photosynthetic rates of senescent late-season leaves were lower 
than those of mature late-season leaves, but intercellular CO2 
concentrations of senescent leaves were greater than those of mature 
leaves at saturating light intensities and favorable temperatures. At 
all irradiance levels, stomatal conductances of senescent leaves on A. 
spicatum plants were significantly greater than those on A. desertorum 
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Figure 14. Temperature dependencies of gas exchange parameters for 
mature late-season leaves. Net photosynthesis, stomatal conductance, 
and intercellular CO2 concentration were measured for 6 ~ desertorum 
and 7 ~ spicatum leaves between late-April and mid-June. Gas exchange 
was measured as leaf temperature and water vapor mole fraction gradient 
were increased. Irradiance was maintained above saturating intensities, 
and cuvette co2 concentration was near ambient levels. Data were fit to 
regression equations given in Table 1 for net photosynthesis and 
stomatal conductance, and second-order equations for intercellular co2 
concentration. 
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Figure 15. Light dependencies of gas exchange parameters for senescent 
late-season leaves. Gas exchange was determined for 7 A. desertorum and 
8 h spicatum leaf blades between mid-June and late-July'; Measurements 
and regressions of net photosynthesis, stomatal conductance, and 
intercellular CO2 concentrations are described in Fig. 1. 
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plants. Net photosynthetic rates of senescent h spicatum leaves were 
also significantly greater than those of h desertorum, but only at 
light intensities greater than 0.8 mmol photons m-2 s- 1• Intercellular 
CO2 concentrations of senescent h spicatum leaves were not 
significantly different from those of A. desertorum leaves. 
Significantly higher net photosynthetic rates and stomatal 
conductances of senescent A. spicatum leaves, as compared to senescent 
~ desertorum leaves, were observed at all leaf temperatures (Fig. 16). 
The high temperature compensation point for net photosynthesis of 
senescent A. spicatum leaves was significantly greater than that of 
senescent A. desertorum leaves. The high temperature compensation 
point of senescent~ spicatum leaves was also higher than that of 
mature~ spicatum leaves, but an increase in the high temperature 
compensation point was not observed as~ desertorum leaves aged. The 
optimal temperature for photosynthesis was not significantly different 
between species for senescent late-season leaves, but the optimal 
temperature of senescent leaves was about 3 C greater than that of 
mature leaves. 
Green leaf sheath and stem foliage elements are photosynthetically 
active, and the light and temperature dependencies for mature sheaths 
and stems are shown in Fig. 17. These sheath and stem foliage elements 
were exserted from late-May to mid-June, and gas exchange measurements 
were taken from mid-June to early-July. The light dependencies of all 
gas exchange parameters were not significantly different between 
species. Stomatal conductances at all leaf temperatures and net 
photosynthetic rates at leaf temperatures below 30 C were also not 
significantly different between species. However, the high temperature 
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Figure 16. Temperature dependencies of net photosynthesis, stomatal 
conductance, and intercellular CO2 concentration for senescent late-season leaf blades. Gas excfiange paraneters were measured on 5 A. 
desertorum and 5 ~ spicatum leaves between mid-June and late-July. 
Cuvette conditions and regression equations are described in Fig. 2. 
30 r------------...----------
""'0.6 
'U .-4 g •. 
u 
-;:~. 0.4 \..----: 
~ M ~r·~. 9 g 2 ~___. • 
., 9 o. 2 
., ..... 
. 
. : 
... ._' 
-- .. -.....i.=...-,, -
""' - ;. ',. 
. . . . . ' 
_J I . . 
. . 
0 i------~------...._-+-_.....__.....__~-~----l 
360 
.-4 
'r-1 320 
r-1 
~ 
«"f280 
0 
u 
;::: 240 
" CJ 
~ 
" ~ 200 
.... 
t 
-~-
... 
... . 
.. ~ _, 
·~: 
160 O 0.5 1.0 1.5 2.0 0 
PPFD (imol .- 2 a-l) 
10 20 30 40 50 
Leaf temp. (C) 
64 
Figure 17. Light and temperature dependencies of gas exchange 
parameters for mature leaf sheaths and stems. Gas exchange was measured 
at cuvette conditions described in Fig. 1 for light dependencies and in 
Fig. 2 for temperature dependencies. Gas exchange was determined for 4 
sheaths and stems (2 from each species) for light dependencies, and 8 
sheaths and stems ( 4 from each species) for temperature dependencies. 
Regression equations are given in Table 1 for net photosynthesis and 
stomatal conductance and was a second-order polynomial for intercellular 
CO2 concentration. 
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compensation point for net photosynthesis of mature h spicatum sheaths 
and stems was significantly greater than that of mature h desertorum 
sheaths and stems. Also, intercellular CO2 concentrations of mature 
sheaths and stems on h desertorum plants were significantly higher 
than those on h spicatum plants at high leaf temperatures. 
The light and temperature dependencies of gas exchange parameters 
were also measured for leaves that were exserted early in the growing 
season (Table 2). These early-season leaves were exserted from 
mid-February to early-April, and gas exchange measurements were made 
for mature and senescent leaves. The data for these early-season 
leaves are not shown, but the light and temperature dependencies for 
both species resembled those for late-season leaves on~ spicatum 
plants. Light and temperature dependencies of all gas exchange 
parameters were not significantly different between species for mature 
early-season leaves, as well as senescent early-season leaves. The 
stomatal responses to changes in irradiance or leaf temperature were 
not sufficient to maintain a constant intercellular CO2 concentration, 
as observed for the late-season leaves. Changes in light and 
temperature dependencies that occurred as the late-season leaves became 
senescent, such as flattened light dependencies, lower net 
photosynthetic rates at saturating irradiance, and higher intercellular 
CO2 concentrations, were also observed as the early-season leaves 
became senescent. 
Partial defoliation did not change the relative differences between 
species for light and temperature dependencies (Table 2). For example, 
the light dependencies of all gas exchange parameters were not 
significantly different between species for both mature and senescent 
early-season leaves on partially defoliated plants. For mature 
late-season leaves on clipped plants, stomatal conductances of A. 
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spicatum leaves were significantly higher than those of A. desertorum 
leaves at low leaf temperatures and all light intensities, which was 
also observed for mature late-season leaves on unclipped plants (Figs. 
13 and 14). Light and temperature dependencies of photosynthesis and 
intercellular CO2 concentration were not significantly different 
between species for mature late-season leaves on clipped plants. 
Finally , the light dependencies of gas exchange parameters for mature 
sheaths and stems on partially defoliated plants were not significantly 
different between species, which was also observed for sheaths and 
stems on undefoliated plants (Fig. 17). 
Meteorological data, which were collected at or near the study 
site, were analyzed for the time period when the gas exchange 
differences between species were the largest. This time period was a 
40-day period from June 22 to July 31 when late-season leaves were 
senescing. Because photosynthetic rates and stomatal conductances of 
senescent late-season leaves on A. spicatum plants were significantly 
greater than those on~ desertorum plants at photosynthetic photon 
flux densities (PPFD) greater than 0.8 (Fig. 15), the meteorological 
data were further restricted to periods during the day when PPFD 
exceeded 0.8. Figure 18 shows the average distribution of air 
temperature in two-degree intervals when PPFD exceeded 0.8 during the 
three years of measurement at the field site (1980-1982). For 30% of 
the time when PPFD exceeded 0.8, the air temperature was between 25 and 
29 C, and air temperature was between 23 and 33 C for over 75% of the 
time that PPFD was greater than 0.8. The dew point temperature of the 
67 
Air temperature (C) 
Fi~ure 18. Percent of time when ir~adiance exceeded 0.8 nrnol photons 
m- s- 1 that the air temperature was in two-degree temperature 
increments. Percentages were calculated from concomitant measurements 
of air temperature and irradiance at the field study site between June 
22 and July 31, in each of the three years 1980, 1981, and 1982. 
air did not change appreciably during this 40-day period, and the 
average dew point, determined from 5 years of data at an official 
weather station within 2 km of the study site, was 7.9 C. 
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The green surface area per tiller of foliage elements was 
periodically measured from mid-May to late-July, 1981 (Fig. 19). The 
average green surface area per tiller for foliage elements over a 
particular time span was computed by measuring the area under the 
curves in Fig. 19, and then dividing by the number of days in that time 
span. For example, the average green surface area per tiller for 
late-season leaves on unclipped h spicatum plants from May 17 to June 
22 was 9.92 cm2 , which was 35% greater than that for similar leaves on 
unclipped~ desertorum plants. However, after June 22, the average 
green surface area per tiller for late-season leaves on unclipped~ 
spicatum plants was 2.32 cm2 , which was 43% less than A. desertorum. 
The average carbon gain and water loss rates per tiller were 
calculated for both species during the time period when gas exchange 
differences between species were the largest (Table 3). Data from 
Figs. 16, 17, 18, and 19 were used in these calculations. First, the 
average photosynthetic rates and stomatal conductances over two-degree 
temperature intervals were calculated for senescent late-season leaves 
and mature sheaths and stems. These average gas exchange parameters 
were computed by taking one half of the definite integral of the gas 
exchange regression equation (Table 2) over two-degree temperature 
intervals. These average gas exchange rates were then multiplied by 
the distribution of air temperatures (Fig. 18) and the average surface 
area for foliage elements after June 22 (Fig. 19). (Air temperature is 
nearly identical to leaf temperature (M. M. Caldwell, personal 
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Figure 19. Green surface area per tiller for late-season leave~, for 
late-season leaves plus early-season leaves, and for all leaves plus 
sheaths and stems during 1981. Surface areas are expressed as 
"one-side" of a leaf and one-half the actual surface area of a sheath or 
stem. Areas were determined from the destructive harvest of tillers on 
undefoliated plants and partially defoliated plants of both species. 
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Table 3. Estimated carbon gain and water loss rates per ~illyr for 
time periods when irradiance exceeded 0.8 rmnol photons m- s- between 
June 22 and July 31. Rates were estimated for A. desertorum (Agde) and 
~ spicatum (Agsp) from data shown in Figs. 16,-17, 18, and 19, and 
calculated as described in the results. 
Carbon gain rate Water loss rate 
per tilllr 
(nmol s-) 
per tilllr 
(;lrnol s- ) 
Agde Agsp Agde Agsp 
Senescent late-
season leaves 2. 60 3. 67 3.60 3.57 
Mature sheaths 
and stems 5.00 4. 98 2.63 2.48 
Total 7. 60 8.65 6.23 6.05 
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communication).) The products derived from stomatal conductance 
measurements were also multiplied by an average water vapor mole 
fraction gradient calculated for each two-degree temperature interval. 
The average water vapor mole fraction gradients from leaf to air were 
computed from the difference between the saturation vapor pressure at 
the midpoint temperature for each two-degree temperature interval and 
the saturation vapor pressure at the average dew point temperature (7.9 
C); this difference was then divided by the average barometric pressure 
at our study site (640 mb). These products of gas exchange parameters, 
meteorological data, and surface area represent the average carbon gain 
and water loss rates of the foliage on a tiller over a two-degree 
temperature interval that have been weighted by the expected occurrence 
of the temperature interval. The sum of these products, which are 
shown in Table 3, would be the weighted, average carbon gain and water 
loss rates of a bunchgrass tiller that would be expected to occur after 
June 22 during times when PPFD exceeded 0.8. 
Discussion 
Even though the photosynthetic rates and stomatal conductances of 
senescent late-season leaves on A. spicaturn plants were significantly 
greater than those on~ desertorum plants (Figs. 15 and 16), the total 
carbon gain and water loss rates per~ spicatum tiller were within 15% 
of~ desertorum tillers (Table 3). Between 15 and 35 C leaf 
temperatures, the photosynthetic rates of senescent late-season leaves 
on~ spicatum plants averaged almost 1.5 times greater than those on 
~ desertorum plants (Fig. 16). Stomatal conductances of the same 
leaves on A. spicatum plants averaged 66% greater than those on A. 
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desertorum plants. However, during this time period after June 22, 
surface area of late-season leaves on h spicatum plants averaged 43% 
less than that on h desertorum plants (Fig. 19). Furthermore, the gas 
exchange differences between species for senescent late-season leaves 
were smaller between 20 C and 30 C than at low or high leaf 
temperatures. Because of the frequent occurrence of air temperatures 
between 20 C and 30 C (Fig. 18), gas exchange rates at these 
temperatures were weighted more than those at low or high temperatures. 
Thus, the average carbon gain and water loss rates after June 22 of 
senescent late-season leaves on h spicatum plants were only 41% 
greater and 1% less, respectively, than those on h desertorum plants 
(Table 3). Finally, senescent late-season leaves comprised only 35% to 
47% of the average green surface area present on tillers after June 22. 
Therefore, the ecological significance of higher photosynthetic rates 
and stomatal conductances of senescent late-season leaves on A. 
spicatum plants was not very great. 
These calculations can be extended to another level of resolution, 
i. ~/ the whole plant, if the average rates per tiller are multiplied 
by the number of tillers per tussock. Unclipped h desertorum plants 
averaged 1.6 tillers cm-2 , and unclipped h spicatum plants averaged 
1.0 tiller cm-2• For a circular tussock with a 16-cm diameter, an 
unclipped h desertorum plant would have 320 tillers (1300 cm2 foliage 
area), whereas an unclipped h spicatum plant would have 210 tillers 
(500 cm2 foliage area). During time periods when PPFD exceeded 0.8 mmol 
photons m-2 s- 1, the photosynthetic rates of an unclipped h 
·desertorum tussock is calculated to be 2.4 pmol s- 1, and that of an 
unclipped A. spicatum tussock is calculated to be 1.8 pmol s- 1• 
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However, the measured photosynthetic rates of whole tussocks during 
late-June and July are considerably less than these calculated values 
(Caldwell, unpublished data). 
These estimates of carbon gain and water loss rates per tiller do 
not include time periods when irradiance was less than 0.8 mmol photons 
m-2 s- 1, which would occur each day near dawn and dusk, as well as on 
cloudy days. However, irradiance would exceed 0.8 for approximately 10 
hours on a typical clear day during late-June and July, which would be 
about 70% of the daylight hours. In addition, most days in late-June 
and July are clear. Therefore, the estimates in Table 3 would be 
applicable to a substantial proportion of the time between June 22 and · 
July 31. 
These calculations of carbon gain and water loss rates also ignore 
the self-shading that may occur because of the bunchgrass growth form. 
In May, when the two species have a very compact, dense canopy, small 
A. spicatum bunchgrass plants are light-saturated by an irradiance of 
0.8 mmol photons m-2 s- 1, but photosynthetic rates of larger~ 
spicatum and~ desertorum plant do not reach saturating irradiance 
until 1.25 to 1.5 mmol photons m-2 s- 1 (Caldwell et~- 1983). By 
late-June, culms are completely elongated, and self-shading of foliage 
elements may be expected to be much less after late-June than during 
May. As discussed above, the calculated carbon gain rates of whole 
tussocks during late-June and July are greater than the measured carbon 
gain rates of whole tussocks. Thus, the calculated carbon gain rates 
overestimate carbon gain rates of whole tussocks because the 
calculations do not correct for self-shading. 
Although a complete set of light and temperature dependencies for 
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foliage on partially defoliated plants is not available, the data do 
suggest that differences between species for light and temperature 
dependencies of foliage on clipped plants parallels those on unclipped 
plants (Table 2). For example, the differences between species for 
light and temperature dependencies of gas exchange parameters for 
mature early-season leaves, senescent early-season leaves, and mature 
late-season leaves on partially defoliated plants were similar to those 
on unclipped plants. If we assume that the differences between species 
for senescent late-season leaves on clipped plants are also parallel to 
those on unclipped plants, then we can estimate the carbon gain and 
water loss rates of tillers on partially defoliated plants during 
late-June and July. We would expect that the absolute values of rates 
for tillers on clipped plants would be lower than those given in Table 
3 for unclipped plants because the amount of photosynthetic surface 
area per tiller on clipped plants was one-half of that on unclipped 
plants (Fig. 19). However, the difference between species for rates of 
tillers on clipped plants would be similar to those on undefoliated 
plants because the distribution of foliage area on clipped tillers 
parallels that on unclipped plants (Fig. 19). The green surface area 
per tiller for senescent late-season leaves on clipped h spicatum 
plants was 30% less than that on clipped h desertorum plants, compared 
to 43% less for unclipped plants. However, the senescence of some 
early-season leaves on clipped h desertorum plants had been delayed, 
and the total leaf area per tiller on clipped h spicatum plants was 
52% less than that on clipped h desertorum plants. Also, sheaths and 
stems were a greater proportion of photosynthetic surface area on 
clipped plants than was measured on undefoliated plants. 
The sensitivity of stomates to irradiance for the two Agropyron 
species (Figs. 13, 15, and 17) was lower than that of some species 
(Wong et al. 1978, Sharkey and Raschke 1981), but similar to the 
sensitivity of Malva parviflora (Zeiger and Field 1982). A large 
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increase of intercellular CO2 concentration with a decrease of 
irradiance that was noted in the bunchgrass species has also been 
reported by Zeiger and Field (1982), but Wong et~. (1978) and Sharkey 
and Raschke (1981) did not report an increase in intercellular co2 
concentrations until very low irradiance. Intercellular co2 
concentration may partially regulate stomatal aperture (Raschke 1975, 
Farquhar and Sharkey 1982), but most evidence indicates that it is only 
a minor role (Farquhar et~. 1978, Wong et al. 1978, Sharkey and 
Raschke 1981, Zeiger and Field 1982). Stomatal response to irradiance 
appears to include two photosystems, one that responds directly to blue 
irradiance and another that responds to light intensity (Zeiger and 
Field 1982). Stomates on mature leaves of the Agropyron species appear 
to respond to light intensity(~.~- Fig. 13), but we did not test for 
the stomatal response to blue light. 
The temperature dependencies of stomatal conductance for the two 
bunchgrass species (Figs. 14, 16, and 17) also appear to be consistent 
with those reported in the literature. Although stomatal conductance 
may increase slightly with an increase in leaf temperature (Hall and 
Schulze 1980, Schulze and Hall 1982, Mooney et~- 1983), stomatal 
conductance does decrease with an increase in water vapor mole fraction 
gradient, or vapor pressure gradient (Hall and Schulze 1980, Anderson 
1982, Mooney and Chu 1983, Mooney et~- 1983, Morison and Gifford 
1983). When leaf temperature and water vapor mole fraction gradient 
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are allowed to increase concomitantly, stomatal conductance decreases 
(Anderson 1982, Mooney et~- 1983) because the stomatal sensitivity to 
water vapor mole fraction gradient is greater than that to leaf 
temperature (Mooney et al. 1983). Thus, the decrease in stomatal 
conductance as leaf temperature and water vapor mole fraction gradient 
were increased for the two bunchgrass species was probably a stomatal 
response to water vapor mole fraction gradient. 
As leaves on A. desertorum and A. spicatum plants aged, there were 
large changes in the light and temperature dependencies of net 
photosynthesis and intercellular CO2 concentration, but only slight 
changes in those of stomatal conductance (compare Fig. 13 with Fig. 15, 
and Fig. 14 with Fig. 16). The decline in maximum photosynthetic rates 
as bunchgrass leaves aged is typical of the decline noted in other 
species (~. £· Schulze and Hall 1982, Whale 1983), and it was probably 
caused by a decrease in ribulose bisphosphate carboxylase (Friedrich 
and Huffaker 1980). The sensitivity of net photosynthesis to 
irradiance declined with leaf age in the two Agropyron species (Figs. 
13 and 15) and in Primula vulgaris (Whale 1983). A decreased 
sensitivity of stomates to irradiance as leaves aged (Figs. 13 and 15) 
also has been observed in Primula vulgaris (Whale 1983) and Larix 
decidua (Benecke et al. 1981). However, the temperature/water vapor 
mole fraction gradient dependencies of stomatal conductance did not 
change as leaves aged in these two Agropyron species (Figs. 14 and 16), 
whereas Meinzer (1982) found a decreased sensitivity of stomates to 
vapor pressure gradient as needles aged. The lack of a decrease in 
maximum stomatal conductance as leaves aged is also unusual compared to 
other species (Friedrich and Huffaker 1980, Schulze and Hall 1982, 
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Wardle and Short 1983, Whale 1983). It has been hypothesized that 
changes in stomatal conductance with leaf age are independent of the 
changes in photosynthesis (Wardle and Short 1983), and our data 
corroborate that hypothesis. Because stomatal conductance did not 
change as leaves aged and net photosynthesis decreased as leaves aged, 
intercellular CO2 concentrations of older leaves were substantially 
higher than those of younger leaves. 
Conclusions 
The light and temperature dependencies of net photosynthesis, 
stomatal conductance, and intercellular CO2 concentration were usually 
very similar between foliage from~ desertorum plants and foliage from 
h spicatum plants. When gas exchange characteristics were not similar 
between the two species, the differences between the carbon gain and 
water loss rates for a typical tiller from each species were 
substantially less than the differences between the gas exchange 
characteristics of leaf blades from the two species. Partial 
defoliation of plants did not appear to change the relative differences 
between the gas exchange characteristics of the two Agropyron species. 
Carbon gain and water loss rates of tillers on clipped plants would be 
less than those on unclipped plants, but the relative differences 
between species for tillers on clipped plants would be similar to those 
on undefoliated plants. These results provide additional evidence that 
the gas exchange characteristics of foliage are not directly related to 
herbivory tolerance. 
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CHAPTER IV 
INTEGRATION 
Introduction 
This final chapter will integrate the results from the preceding 
chapters with general ecological concepts of herbivory. First, I will 
consider if these results are valid under actual grazing conditions. 
How do clipping treatments differ from natural cattle grazing, and how 
could these differences affect plant responses to grazing? Secondly, I 
will discuss some mechanisms that may induce compensatory 
photosynthesis. What are some possible mechanisms, and are they 
consistent with the data for the two Agropyron species? Finally, I 
will examine if plant regrowth and compensatory photosynthesis after 
grazing are related to herbivory tolerance. Can regrowth and 
compensatory photosynthesis after herbivory contribute to plant 
fitness, and in what context? 
Clipping studies and natural grazing 
Clipping treatments do not exactly simulate grazing. These two 
treatments differ in a number of aspects that would affect plant 
regrowth and compensatory photosynthesis, as well as the plant's 
ability to avoid or tolerate grazing. For example, subtle changes in 
plant morphology that may protect a portion of the plant from herbivory 
do not occur in clipping studies. Graminoids from areas exposed to 
grazing can be short and prostrate, compared to plants from mown 
hayfields (Kemp 1937) or grazing exclosures (McNaughton 1979b, Detling 
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and Painter 1983). Also, foliage on large, dense, upright plants may 
be largely inaccessible to large herbivores. Norton and Johnson (1981) 
have shown that large, dense A. desertorum plants are relatively 
untouched by cattle. 
Some of the nutrients in forage that is consumed by herbivores are 
returned to the soil by defecation and urination. In clipping 
treatments, the foliage that is clipped off the plants is usually 
removed from the study area. Therefore, none of the nutrients in the 
removed foliage is returned to the soil. If A. desertorum and A. 
spicatum can utilize the nutrients that are returned to the soil by 
herbivores, then these nutrients would not be available to plants in 
clipping studies. Thus, the results from clipping experiments may be 
different from those observed in grazing studies. 
Clipping treatments remove foliage at a uniform height, whereas 
grazing is usually nonuniform in height and patchy in space, even 
within an individual tussock (Norton and Johnson 1981). If tillers are 
interconnected within a tussock and resources can be translocated among 
the tillers, then the impact of periodic grazing may be reduced because 
injured tillers draw upon the resources of less-severely damaged 
tillers (Mattheis et~- 1976). Unfortunately, the degree of 
interdependence of tillers within tussocks is unknown for both A. 
desertorum and A. spicatum. 
Trampling and other activities such as wallowing by large hooved 
mammals can have devastating effects on caespitose grasses that do not 
occur in clipping experiments. Trampling may damage ungrazed portions 
of plants as well as regrowing foliage. Trampling death of A. 
spicatum and other native bunchgrasses may have been one of the factors 
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that altered native plant communities in the Great Basin after the 
introduction of extensive livestock grazing (Mack and Thompson 1982). 
If trampling damage is highly probable, then the contribution of 
foliage regrowth and compensatory photosynthesis to herbivory tolerance 
will be small. 
A· final consideration of differences between grazing and clipping 
treatments is the effect of animal saliva on plants. Herbivores 
necessarily produce saliva during grazing, and saliva is probably 
deposited on grazed plants. It has been suggested that saliva may 
enhance plant regrowth after grazing (see Owen and Wiegart 1981). The 
effects of cattle saliva on plants has not been studied, but neither 
bison saliva (Detling et al. 1980) nor grasshopper saliva (Detling and 
Dyer 1981) were shown to enhance plant regrowth or compensatory 
photosynthesis of Bouteloua gracilis after partial defoliation. Thus, 
it is unlikely that saliva stimulates regrowth or compensatory 
photosynthesis in either A. desertorum or h spicatum. 
Mechanisms that may induce compen~atory 
photosynthesis 
From my ~xperiments and those of other researchers, there is clear 
evidence that compensatory photosynthesis occurs after partial 
defoliation in many plant species. However, the mechanism that may 
induce compensatory photosynthesis has not been determined. McNaughton 
(1983) suggests that the mechanisms can be divided into intrinsic and 
extrinsic mechanisms. Two extrinsic factors (enhanced water status and 
shaded foliage) and two intrinsic factors (soluble protein 
concentration and specific mass) that may influence compensatory 
photosynthesis were discussed in Chapter II. I suggest that 
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compensatory photosynthesis may be related to soluble protein 
concentration and that increased light penetration into the canopy may 
delay leaf senescence. In this section, I will examine three other 
intrinsic mechanisms by which plants may detect that a portion of the 
plant has been grazed: ·responses induced by source-sink relationships, 
by the distribution of cytokinins or nutrients, and by wounding. 
Foliage is the ultimate source of plant carbohydrates, and 
carbohydrates are transported to sinks, such as roots and meristems, 
where they are utilized. This relationship between sources and sinks 
of carbohydrates is affected by the relative sizes and activities of 
the sources and sinks. Carbohydrate source-sink relationships can also 
affect photosynthesis. For example, a decrease in the carbohydrate 
source:sink ratio by shading foliage increases photosynthetic rates in 
soybean (Thorne and Koller 1974, Peet and Kramer 1980). Partial 
defoliation also alters the source:sink ratio. However, carbohydrate 
source-sink relationships did not induce compensatory photosynthesis in 
partially defoliated bean plants (Carmi and Koller 1979). Carmi and 
Keller's experiments suggest that some substance which originates from 
roots stimulates photosynthetic rates. After partial defoliation, more 
of this substance is supplied to the remaining foliage, and 
compensatory photosynthesis is induced by the increased concentration 
of this substance in the foliage. This substance could be cytokinins 
because cytokinins are produced by roots and exogenous cytokinins can 
increase photosynthetic rates and delay leaf senescence. An increase 
in photosynthetic rates and a delay in leaf senescence were observed in 
the Agropyron species (Chapter II), but cytokinin concentrations were 
not determined. Partial defoliation could also increase the supply of 
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nutrients from roots to foliage (Wareing et al. 1968). The higher 
protein concentrations in foliage on clipped Agropyron plants (Table 1) 
and the linear relationship between protein concentration and 
photosynthesis (Fig. 12) suggest that an increased nitrogen supply to 
foliage is a possible mechanism to induce compensatory photosynthesis 
in A. desertorum and A. spicatum. 
Wounding can induce changes in rates of metabolic processes such as 
respiration (Macnicol 1976). Edwards and Wratten (1983) postulate that 
wound-induced changes in plant biochemistry that affect food quality 
and insect foraging behavior may occur on three scales: a highly 
localized change that occurs only in damaged cells; a larger response 
that includes cells that surround the wound; and a widely dispersed 
change that can affect an entire organ, branch, or plant. A hypothesis 
can also be formulated that includes three scales of wound-induced 
changes in plant metabolism. Highly localized metabolic changes could 
be induced by the alteration of ionic balances (Macnicol 1976), whereas 
the widely dispersed changes could be under the control of hormones or 
specific metabolic regulators. This hypothesis is appealing because it 
allows a wide variety of functional changes. For example, the 
photosynthetic data reported in Chapter II suggests that both 
Agropyron species have a widely dispersed response because the increase 
in net photosynthetic rates of undamaged leaves on clipped plants was 
the same as that of damaged leaves. 
This discussion of mechanisms that may induce compensatory 
photosynthesis or other responses to herbivory does not preclude the 
possibilities that different mechanisms may be important in different 
species or that more than one mechanism may be involved. For example, 
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compensatory photosynthesis occurs in both Agropyron species and may be 
a generalized response to clipping which involves source-sink 
relationships or the distribution of cytokinins and nutrients. In 
addition, regrowth of clipped~ desertorum plants may be very 
sensitive to metabolic regulators from wounds. 
Adaptive significance of compensatory photosynthesis 
and plant regrowth 
Compensatory photosynthesis after partial ~efoliation could enhance 
plant fitness if the current photosynthetic carbon input was crucial to 
the survival of the plant. For both Agropyron species, current 
photosynthesis is the most important source of carbon for plant 
regrowth and maintenance respiration after partial defoliation 
(Richards and Caldwell submitted). Thus, compensatory photosynthesis 
would increase the carbohydrate supply that is available for 
maintenance and regrowth. However, compensatory photosynthesis is not 
hazard free. Soluble protein concentration appears to be related to 
photosynthesis. An increase in protein concentration after partial 
defoliation occurs between one and two weeks following clipping. The 
increased protein may make the foliage more attractive to regrazing if 
the herbivore is still nearby when concentrations are higher, it can 
detect higher quality forage, and it has the ability to select higher 
quality forage. The abilities to detect and select subtle changes in 
food quality have been shown for insects (Edwards and Wratten 1983), 
but not unequivocally for livestock (Stoddart et al. 1975). 
Vigorous regrowth after partial defoliation may increase plant 
fitness if plants are not regrazed or if the herbivore population is 
regulated by factors other than food availability. However, "plants 
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would not be expected to compensate for continuous attack by 
food-limited herbivores; compensation merely makes the herbivore more 
abundant without any increase in plant fitness" (p. 108, Crawley 1983). 
Some of the best examples of compensatory plant growth after grazing 
are from the Serengeti (McNaughton 1979b), where herbivory is ephemeral 
because of ungulate movement and migration (Maddock 1979, Jarman and 
Sinclair 1979). In contrast, Bentley and Whittaker (1979) showed that 
compensatory growth can be a disadvantage when plants are fed upon by 
an omnipresent herbivore. 
Let us consider if there may have been selection for compensatory 
photosynthesis and vigorous regrowth during the evolution of either 
Agropyron species. Agropyron desertorum is native to the steppes of 
Central Asia, and has had a long historical association with large 
mammals such as horses, gazelles, antelope, and camels (Kurten 1968). 
Modern horses, gazelles, etc. are not sedentary, but migrate from one 
area to another. If the animals on the central Asian steppes were also 
migratory, then~ desertorum plants would probably experience an 
herbivore-free period. Thus, regrowth would be an adaptive attribute. 
Compensatory photosynthesis would also be adaptive because it would 
increase the current carbon supply which is necessary for regrowth. 
Agropyron spicatum is native to the Great Basin of North America. 
Although there were some bison, elk, deer, and antelope in the Great 
Basin during the last 10,000 years, the herds were small and restricted 
by the availability of forage during the dry summer (Mack and Thompson 
1982). The limited regrowth of~ spicatum plants may have been 
adaptive because the limited regrowth would have prevented continuous 
attack by a food-limited herbivore. However, these North American 
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herbivores are migratory and may not return to a grazed area until the 
following season even if there was extensive plant regrowth. But 
mammals are not the only herbivores in the Great Basin; insects may 
consume a large proportion of foliage (Stoddart et al. 1975). 
However, limited regrowth could only be adaptive during peak insect 
population years. Thus, the limited regrowth of A. spicatum plants 
would probably not enhance plant fitness. 
This discussion of adaptive attributes is speculative. The 
characteristics that are observed in these two Agropyron species may 
not have been influenced by herbivory. The evolution of~ spicatum 
may not have been greatly influenced by herbivores because large 
mammals were relatively rare and migratory and insect populations 
probably fluctuated as greatly as they do now. However, a lack of 
herbivore influence on the evolution of~ desertorum seems unlikely 
because the large populations of herbivores in Centeral Asia had to be 
maintained by a large forage supply. 
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